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We report 63Cu-NMR /NQR and 19F-NMR studies on the multilayered high-Tc copper oxides
Ba2Can−1CunO2nF2 with n=2,3 ,4, where n is the number of CuO2 planes. It is revealed that bilayered
Ba2CaCu2O4F2 is an underdoped superconductor with hole carriers, which are introduced into CuO2 planes by
an unexpected deviation from the nominal content of apical fluorines. In a previous paper, we proposed a
self-doping mechanism as the origin of carrier doping in n=3 and n=4; in the mechanism, electrons are
transferred from the inner CuO2 plane �IP� to the outer one �OP�. However, since it has been found that the
bilayered compound is hole doped, we have re-examined the superconducting and magnetic properties in n
=3 and n=4 by 63Cu-NMR /NQR and 19F-NMR. The extensive NMR studies have confirmed that the apical-
fluorine compounds are not self-doped but hole doped and that antiferromagnetism �AFM� and superconduc-
tivity �SC� coexist in a single CuO2 plane. In n=4, the AFM ordering occurs at TN=80 K well above Tc

=55 K, where the respective AFM moments are MAFM=0.11�B and 0.18�B at the OP and the IP. In n=3, on
the other hand, the underdoped single IP exhibits a spontaneous moment MAFM=0.12�B at low temperatures
and a peak in the nuclear-spin-lattice relaxation rate 1 /T1 of 19F at TN=23 K much lower than Tc=76 K. We
note that the increase in the number of IPs from one to two results in the strengthening of the interlayer
coupling; TN increases as the interlayer coupling becomes stronger, although the doping levels for both com-
pounds are comparable. Consequently, we conclude that the uniform mixing of AFM and SC is a general
property inherent to a single CuO2 plane in an underdoped regime for hole doping. This conclusion incorpo-
rates the angle-resolved photoemission spectroscopy results on the n=4 compound �Chen et al., Phys. Rev.
Lett. 97, 236401 �2006��; it was found that the two Fermi sheets of the IP and OP are observed and that the SC
gap opens at the IP and OP below Tc=55 K.
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I. INTRODUCTION

Despite more than 22 years of intensive research, an ori-
gin of high-temperature superconductivity has not been well
understood yet. A strong relationship between antiferromag-
netism �AFM� and superconductivity �SC� is believed to be a
key to understand the origin of the remarkably high SC
transition.1–11 However, there is still no universally accepted
theory for the mechanism of cuprate superconductors. Re-
markably, the highest recorded Tc in cuprates was observed
in a Hg-based three-layered HgBa2Ca2Cu3Oy �Hg-1223�,12

which has multilayered structure of CuO2 planes. Cuprates
with three or more layers comprise inequivalent types of
CuO2 layers; one is an outer CuO2 plane �OP� in a fivefold
pyramidal coordination and, the other, an inner plane �IP� in
a fourfold square coordination �see Fig. 1�. Site-selective
63Cu-NMR studies on multilayered cuprates have revealed
that IP has less hole carriers than OP does and that they
exhibit homogeneous hole doping due to the flatness of the
layers.13,14 NMR linewidths assure the flatness of the layers
in multilayered structures; linewidths for multilayered struc-
tures less than 200 Oe is several times smaller than those for
LaSrCuO: an YBaCuO.15,16 In particular, five-layered super-
conductors have an AFM order due to large charge
imbalance;17,18 in HgBa2Ca4Cu5Oy �Hg-1245�,17 two opti-
mally doped OPs are responsible for SC with Tc=108 K,

whereas three underdoped IPs are responsible for AFM with
TN=60 K. On the basis of various five-layered cuprates, the
different phase diagram of doped CuO2 planes has been pre-
sented as a function of doping; an AFM phase is robust for
hole doping of up to 16�17% and it coexists with SC in a
region where the SC order parameter begins to develop.18,19

Tc exhibits a maximum immediately outside a quantum criti-
cal point at which the AFM order collapses, suggesting the
intimate relationship between AFM and SC.

Multilayered copper oxides Ba2Can−1CunO2nF2 are known
as a relatively new family of multilayered cuprates,20,21

where n is the number of CuO2 planes. Figures 1�a�–1�c�
show the crystal structures of n-layered cuprates with n
=2,3 ,4, which are denoted as the n compound in this paper.
In an ideal nominal content of fluorine, the apical sites of the
OP are fully occupied by F−1 and hence the formal Cu va-
lence is just +2. Eventually, it is expected that these com-
pounds could act as Mott insulators; however, all of them
exhibit SC. The occurrence of the SC in the n=4 compound
has been attributed to self-doping in which charge carriers
are transferred between the IP and the OP; this was first
proposed based on angle-resolved photoemission spectros-
copy �ARPES� �Ref. 22� and a band calculation.23 Our pre-
vious NMR study has supported the self-doping mechanism,
assuming that the Cu valence is +2 on average; the formal
copper valence Cu+2 would be expected from the
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stoichiometry.24 Since then, a bilayered Ba2CaCu2O4F2 �the
n=2 compound �#1��, which has only OP and no IP, has also
been synthesized; it exhibits SC with Tc=73 K. The self-
doping mechanism cannot apply to this compound because it
has no IPs. Therefore, NMR studies on the n=2 compound
�#1� and a related partially oxidized Ba2CaCu2O4�F1.6O0.4�

�the n=2 compound �#2�� will provide us with an opportu-
nity to obtain an understanding of whether the self-doping
mechanism occurs in the n=3 and n=4 compounds.

In this paper, we report Cu-NMR/NQR studies on the n
=2 compounds �#1� and �#2�, which reveal that SC in the
n=2 compound �#1� occurs due to hole carriers doped in
association with a possible replacement of O−2 for F−1. We
compare the results of the n=2 compounds with those of the
n=3 and n=4 compounds. We find that hole carriers are
unexpectedly introduced into both the OP and the IP by a
deviation from the nominal compositions; Cu+2 realizes only
in the case of the stoichiometry under total charge neutrality.
As a result, we rule out the possibility of the self-doping
mechanism in the n=3 and n=4 compounds. We present the
following results. The n=2 compounds �#1� and �#2� are
hole-doped superconductors with Tc=73 and 105 K, respec-
tively. The n=3 compound is an antiferromagnetic supercon-
ductor with Tc=76 K. The underdoped single IP shows the
AFM order by an interlayer magnetic coupling through three
layers, namely, SC-OP, BaF, and SC-OP �see Fig. 1�b��. The
n=4 compound is also an antiferromagnetic superconductor.
The two IPs trigger the AFM order with TN=80 K, whereas
the two OPs show the SC with Tc=55 K; interestingly,
MAFM�OP� develops upon cooling and becomes 0.11�B at
1.5 K. Consequently, we conclude that the uniform mixing of
AFM and SC is a general property inherent to a single CuO2
plane in an underdoped regime for hole doping. This conclu-
sion incorporates the ARPES results on the n=4
compound;22 it was found that the two Fermi sheets of the IP
and OP are observed and that the SC gap opens at the IP and
OP below Tc=55 K.

II. EXPERIMENTAL DETAILS

Polycrystalline powder samples used in this study were
prepared by a high-pressure synthesis technique, as described
elsewhere.20,21 Powder x-ray diffraction �XRD� measure-
ments indicate that these compounds almost entirely com-
prise a single phase. Figure 1�e� shows the variation of Tc for
Ba2Can−1CunO2nF2 as a function of n. The Tc was deter-
mined by an onset of diamagnetism using a dc superconduct-
ing quantum interference device �SQUID� magnetometer for
the powder samples at H=20 Oe, as shown in Fig. 1�d�. The
characteristics of the samples used in this study n=2–4 are
summarized in Table I.

For NMR measurements, the powder samples, which
were aligned along the c axis at an external field �H� of
�15 T, were fixed using stycast 1266 epoxy. The NMR ex-
periments were performed by the conventional spin-echo
method in a temperature �T� range of 1.5–325 K with H
perpendicular or parallel to the c axis. Generally, the Hamil-
tonian for a Cu nuclear spin with I=3 /2 is described by the
Zeeman interaction due to a magnetic field H and the nuclear
quadrupole interaction �NQI� as follows:

H = HZ + HQ = − �N�I · H +
eVzzQ

4I�2I − 1�
�3Iz

2 − I�I + 1�� ,

�1�

where �N is the Cu nuclear gyromagnetic ratio and H is
perpendicular to the c axis. Note that the quadrupole fre-
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FIG. 1. �Color online� Crystal structures of the �a� n=2, �b� n
=3, and �c� n=4 compounds in the Ba2Can−1CunO2nF2 series �Ref.
21�. The n=3 and n=4 compounds include two crystallographically
different CuO2 planes, namely, IP and OP, whereas the n=2 com-
pound only includes OPs. �d� T dependence of dc susceptibility. Tc

was determined as the temperature below which susceptibility be-
gins to decrease rapidly. �e� Plots of Tc vs the number of CuO2

layers �n�.
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quency �Q�3eQVzz /2hI�2I−1�, where Q is the nuclear
quadrupole moment and Vzz is the electric field gradient
�EFG� along the c axis at the Cu nuclear site. Analyzing
NMR spectra makes it possible to distinguish local electronic
states at two different Cu sites OP and IP, by the differences
in Knight shift �K�, NQR frequency ��Q�, internal field �Hint�
or AFM-ordered moment �MAFM�, and so on.

III. RESULTS AND DISCUSSIONS

A. Cu-NMR/NQR studies on the n=2 compounds

Bilayered Ba2CaCu2O4F2, which has two OPs �see Fig.
1�a��, exhibits SC below Tc=73 K. When all the apical sites
of the OP are ideally occupied by F−1, the formal Cu valence
should be just +2. Therefore, a Mott insulating state should
be expected as in undoped CuO2 systems. However, off
stoichiometry—a deviation from the nominal content of
F−1—can introduce carriers into the OPs. We have investi-
gated two kinds of bilayered samples, the nominal composi-
tions of which are Ba2CaCu2O4F2 �the n=2 compound �#1��
and Ba2CaCu2O4�F1.6O0.4� �the n=2 compound �#2��, in or-
der to understand the carrier-doping mechanism and the SC
properties in the apical-fluorine system.

Figure 2 shows the 63Cu-NMR spectrum for the n=2
compound �#1� at 20 K with H perpendicular to the c axis at
a fixed frequency of 174.2 MHz. The largest peak at around
63K=0 arises from a central peak �I=−1 /2⇔1 /2 transition�
for 63Cu. When we consider the second-order NQI for Eq.
�1� under the condition of HZ�HQ, an NMR frequency �0

2nd

at this central peak is given by

�0
2nd − �NHres

�NHres
= K� +

3�Q
2

16�1 + K��
1

��NHres�2 , �2�

where Hres is an NMR resonance field and K� is the Knight
shift with H perpendicular to the c axis. The inset of Fig. 2
shows a plot of ��0

2nd−�NHres� /�NHres vs �1 /�NHres�2, which
enables us to estimate 63�Q�13 MHz from the slope in this
plot. The NMR frequencies �0

1st for two satellite peaks
��1 /2⇔ �3 /2� due to the first-order NQI are given by

�0
1st − �NHres

�NHres
= K� �

�Q

2

1

�NHres
. �3�

The peak at H=14.85 T in Fig. 2 arises from the �−1 /2⇔
−3 /2� transition of 63Cu, confirming 63�Q�13–14 MHz.

However, the most accurate measurement of 63�Q comes
from the NQR spectrum. Figures 3�a� and 3�b� show the
Cu-NQR spectra for the n=2 compounds �#1� and �#2�, in-
dicating 63�Q=13.7 and 15.7 MHz, respectively. These val-
ues are comparable to 63�Q=15–17 MHz for hole-doped
HgBa2CaCu2Oy �Hg-1212�, which includes two OPs in a
fivefold pyramidal coordination of oxygen.25 Note that these
63�Q values for hole-doped OP are much larger than those of
electron-doped copper oxides. For example, 63�Q for
electron-doped Nd1.85Ce0.15CuO4 is reduced to 63�Q
	0.5 MHz, smaller than 63�Q=14 MHz of the nondoped
Nd2CuO4 by more than 1 order of magnitude. This is be-
cause electron doping into the Cu 3d orbit decreases the on-
site electronic term in the EFG; the on-site term is the main
contribution to �Q at Cu sites for high-Tc compounds.26–31

The Knight shift �K� is determined from the central peak
�−1 /2⇔ +1 /2� in the 63Cu-NMR spectrum �see Fig. 6�a��
by subtracting the second-order shift of NQI according to
Eq. �2�. In general, K comprises the T-dependent spin part
�Ks�T�� and the T-independent orbital part �Korb�; K=Ks�T�
+Korb. Here, Korb was determined as 0.23 ��0.02�%, assum-
ing Ks�0 in the T=0 limit. Note that Korb is not so different
among high-Tc compounds regardless of either IP or OP �as
an example, see Refs. 32–34�. Figure 4 shows Ks��T� for the
n=2 compounds �#1� and �#2� with H perpendicular to the c
axis, along with the data for YBa2Cu3O6.63 �YBCO6.63� �from
Ref. 15�. Ks��T�s for these samples decrease upon cooling
followed by a steep decrease below Tc. These behaviors are
typical of the high-Tc copper oxides with hole carriers, re-
flecting the opening of a pseudogap.14,15,35,36 Here, note that
the behavior of Ks��T� in hole-doped cuprates is totally dif-
ferent from that in electron-doped ones such as

TABLE I. Samples used in the present NMR studies. Tcs of the
samples are determined by an onset of diamagnetism using a dc
SQUID magnetometer. The hole densities per CuO2 plane �Nh� are
evaluated from the Knight-shift measurement �see text�.

Sample Nominal composition Tc�K� Nh

n=2 �#1� Ba2CaCu2O4F2 73 0.174

n=2 �#2� Ba2CaCu2O4�F1.6O0.4� 105 0.225

n=3 Ba2Ca2Cu3O6F2 76 0.160�OP�a

n=4 Ba2Ca3Cu4O8F2 55 0.148�OP�a

aIn particular, the Nhs of the OPs are shown for the n=3 and n=4
compounds.
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FIG. 2. �Color online� 63Cu-NMR spectrum for the n=2 com-
pound �#1� at T=20 K with H perpendicular to the c axis. The right
and left peaks correspond to a central peak �−1 /2⇔1 /2 transition�
and one of the satellite peaks �−1 /2⇔−3 /2 transition�, respec-
tively. The inset shows a plot of ��0

2nd−�NHres� /�NHres as a func-
tion of �1 /�NHres�2 for the central peak. A slope in this plot yields
63�Q �see text�.
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Pr0.91LaCe0.09CuO4−y.
37 Using the empirical relation between

Ks��T� at room temperature and the local hole density �Nh�
in a CuO2 plane,14,26,38 Nh in the n=2 compound �#1� with
Tc=73 K is estimated to be Nh�0.174, which is comparable
to Nh�0.16 in YBCO6.63 with Tc=62 K. The Nh of the n
=2 compound �#2� is also estimated to be �0.225, larger
than that of the n=2 compound �#1�. The increase in hole-
doping level increases 63�Q from 13.7 to 15.7 MHz, which is
a character of hole-doped copper oxides.16,25,26

Although the n=2 compound �#1� was expected to be in a
Mott insulating state in the ideal nominal composition, it was
found that the hole carriers of Nh�0.174 are unexpectedly
introduced. We consider that the hole doping is probably
ascribed to the unexpected substitution of O−2 for F−1 at the
apical site. At this stage, we would imply that an effect of off
stoichiometry results in doping carriers in
Ba2Can−1CunO2nF2.

B. 63Cu-NMR studies on the n=3 and n=4 compounds

An important finding here is that the n=2 compound �#1�
is a hole-doped high-Tc superconductor; F−1 at the apical site
is possibly substituted by O−2. This result raises a question as
to whether the self-doping mechanism actually occurs in the
n=3 and n=4 compounds. The self-doping mechanism was
supported by a previous study24 on the assumption of the
nominal composition, when the Cu valence on average was

+2 due to the total charge neutrality. It is important to recon-
sider this earlier conclusion in light of the present results.

Figures 5�a� and 5�b� show the 63Cu-NMR spectra for the
OP of the n=3 compound and the n=2 compound �#1�, re-
spectively. The narrow peak in Fig. 5�a� arises from the
�−1 /2⇔1 /2� transition. The inset of Fig. 5�a� shows a plot
of ��0

2nd−�NHres� /�NHres as a function of �1 /�NHres�2, which
enables us to estimate 63�Q�13.5 MHz for the OP in the
n=3 compound. This value is consistent with the Cu-NQR
measurement, which shows 63�Q�13.5 MHz in Fig. 7�b�,
and also consistent with the value confirmed from a satellite
peak of the �−1 /2⇔−3 /2� transition due to the first-order
NQI. In the previous paper �see Fig. 3 in Ref. 24�, the narrow
and satellite peaks in Fig. 5�a� were wrongly assigned to the
�−1 /2⇔1 /2� transitions for the IP and the OP, respectively.
Meanwhile, we have succeeded in observing the asymmetric
63Cu-NMR spectrum at high temperatures above 160 K for
the n=3 compound, as shown in Fig. 6�b�, which can be
reasonably decomposed into two lines arising from the IP
and the OP. Below 160 K, the Cu-NMR spectrum from the
IP disappears due to the short relaxation rates 1 /T2 and 1 /T1
in association with the development of strong magnetic cor-
relations toward an AFM transition upon cooling. Such T
dependence of Cu-NMR spectra was also observed in the
five-layered compounds Hg-1245 and Tl-1245;17 in the two
compounds, the spectra of three IPs disappear upon cooling
due to the onset of AFM order and those of the OP become
broader as in the n=3 compound. As presented in Sec. III D,
such behavior in the n=3 compound is relevant with an onset
of the AFM order below TN�23 K. The similarities among
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pounds �#1� and �#2�, respectively.
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the n=3 compound, Hg-1245, and Tl-1245 ensure that the
n=3 compound is hole-doped and also that the hole-doped
IP shows AFM transition at low temperature. In fact, as dis-
cussed in Sec. III C, the observation of Cu NMR at H=0 is a
direct indication of static AFM order in the n=3 compound.

In the n=4 compound, the 63Cu-NMR spectrum was ob-
served only above 160 K as shown in Fig. 6�c�; the spectrum
arises only from the OP but not from the IP. Unexpectedly,
this OP-NMR spectrum disappears at low temperatures, sug-
gesting that a spontaneous moment due to an AFM order
develops even in the OP, followed by the onset of SC below
Tc=55 K. We consider that the n=4 compound is also hole-
doped with less hole carriers than Hg-1245 and Tl-1245, so
that even the OPs undergo the AFM order, as discussed later
in detail. Figures 6�e� and 6�f�, respectively, indicate Ks��T�s
for the OPs in the n=3 and n=4 compounds. From Ks��T�s
at room temperature, Nh�0.160 and Nh�0.148 are esti-
mated at the respective OPs in the n=3 and n=4 compounds,
confirming that the n=4 compound is actually heavily

underdoped. Together, all these data suggest that the OP and
the IP in these compounds are doped by hole carriers. In this
context, the self-doping mechanism does not occur in the
multilayered copper oxides with apical fluorines.

� � � � ��
���

���

���

���

���

���� ���� ���� ���� ���� ���� ����

N
M
R
In
te
n
s
it
y
(a
rb
.
u
n
it
s
) 63Cu (satellite)

63Cu (satellite)

63Cu (center)

63Cu (center)

	

�
�
�
H
re
s

�
�
H
re
s
	�



(a) n = 3

(b) n = 2 (#1)

T = 20 K H� c

T = 20 K H� c

(�Hres)
-2 (MHz)-2

	� ����


νQ� 13.5 MHz

OP

2
n
d

H (T)

FIG. 5. �Color online� The 63Cu-NMR spectra for �a� the n=3
compound and �b� the n=2 compound �#1� �shown again� at 20 K
with H perpendicular to the c axis. In �a�, the central and the satel-
lite peaks arise from the OP; whereas, the NMR spectrum for the IP
is not observed because of the development of strong magnetic
correlations. From the plot in the inset of �a�, 63�Q for the OP is
evaluated to be �13.5 MHz �see the text�, which is almost the
same as that for the OP in the n=2 compound �#1�.

H (T)

C
u
-N
M
R
In
te
n
s
it
y
(a
rb
.
u
n
it
s
)

H (T)

� ��� ��� ���
���

���

���

���

� ��� ��� ��� � ��� ��� ���

T (K) T (K)

K
s
�
��
�

T (K)

H	 c

(a) (b)

(c)

325 K

260 K

160 K

80 K

40 K

280 K

200 K

120 K

OP

OP

OP

OP

OP

OP

OP

IP

IP

IP

20 K

40 K

60 K

85 K

120 K

160 K

270 K

220 K

n = 2 (#1) n = 3

n = 4

(d) n = 2 (#1) (e) n = 3 (f) n = 4

H	 c H	 c

Tc

Tc
Tc

�
��
 �
��� �
��
 �
��� �
��
�
��� �
��
 �
���

FIG. 6. �Color online� �a�–�c� The T dependences of 63Cu-NMR
spectra for the n=2 �#1�, n=3, and n=4 compounds. In �b�, the
asymmetric spectra for the n=3 compound above 160 K can be
reasonably explained by the two spectra arising from the IP and the
OP. Below 160 K, the Cu-NMR spectrum from the IP disappears
due to short relaxation times 1 /T2 and 1 /T1 in association with a
possible development of strong magnetic correlations upon cooling.
In �c�, the 63Cu-NMR spectrum was observed only above 160 K,
arising from the OP, but not from the IP. This OP-NMR spectrum
disappears at low temperatures, implying that a spontaneous mo-
ment due to the AFM order develops even at the OP followed by the
onset of SC below Tc=55 K. �d�–�f� The T dependence of Ks��T�
for the n=2 �#1�, n=3, and n=4 compounds. Note that Ks��T�s for
the n=2 �#1� and n=3 compounds decreases rapidly below Tc.

UNIFORM MIXING OF ANTIFERROMAGNETISM AND… PHYSICAL REVIEW B 79, 064505 �2009�

064505-5



C. Zero-field Cu-NMR and Cu-NQR studies on the n=2, n=3,
and n=4 compounds

The observation of a zero-field NMR �ZFNMR� spectrum
enables us to assure an onset of magnetic order, since mag-
netically ordered moments induce Hint at nuclear sites. Here,
the nuclear Hamiltonian given by Eq. �1� is described with
Hint instead of H. Figure 7�a� shows the Cu-NQR spectrum
for the n=2 compound �#1� at 1.5 K �shown again�, along
with the Cu-ZFNMR/NQR spectra for �b� the n=3 and �c�
n=4 compounds. In the previous study,24 the spectra in the
range of 50–120 MHz for the n=3 and n=4 compounds were
assigned as arising from the OPs. However, we studied mul-
tilayered compounds prepared in various synthesis condi-
tions under pressure and then revealed that these lines arise

from an impurity phase, namely, monoclinic CaCuO2�II�.39

The ZFNMR spectrum of CaCuO2�II� is shown in Fig. 7�d�.
The samples used in this paper were synthesized using high-
pressure technique such as P=4.5 GPa and T=1050 °C. In
order to confirm that the spectra in the range of 50–120 MHz
originate from CaCuO2�II�, we synthesized Hg-based five-
layered compounds by two different synthesis conditions P
=4.5 GPa and T=1050 °C and P=2.5 GPa and T
=950 °C. Actually, it was confirmed that the extrinsic impu-
rity phase of CaCuO2�II� was included in the sample at the
former condition but not at the latter one.19 Consequently, the
NMR spectra in the range below �50 MHz are anticipated
to be intrinsic, arising from the OP and the IP. The presence
of CaCuO2�II� was not detected by XRD measurement but
ZFNMR. Here, note that it is very difficult to determine the
amount of CaCuO2�II� as impurity from the ZFNMR inten-
sity because the experimental condition is not always the
same in low- and high-frequency ranges, in particular when
ZFNMR spectra are widely distributed over a wide fre-
quency range just as in the present case. We emphasize here
that the SC and magnetic properties inherent to the intrinsic
phase do not depend on the synthesis condition. We note that
the presence of such impurity domains may be one of the
possible reasons for off stoichiometry existing in these com-
pounds.

Figure 7�a� indicates the Cu-NQR spectrum for the n=2
compound �#1�. As discussed in Sec. III A, a single sharp
peak at 13.7 MHz corresponds to 63�Q for the OP, indicating
that its ground state is nonmagnetic with Tc=73 K and Nh
�0.174. Figure 7�b� shows the Cu-ZFNMR/NQR spectra for
the n=3 compound. Two peaks are observed separately; one
at 13.5 MHz, which is almost the same frequency as the OP
in the n=2 compound �#1�, consistent with the value esti-
mated from the second-order shift due to NQI �see the inset
of Fig. 5�a��. Accordingly, another peak is assigned to the IP.
An NQR frequency at IP is reported as 63�Q�8–9 MHz for
other multilayered systems,13,14,17 which is significantly
smaller than OP. This is because the oxygen coordination of
the Cu site at IP is smaller than that at OP; OP has a fivefold
pyramidal coordination, while IP has a fourfold square coor-
dination �see Figs. 1�a�–1�c��. Using 63�Q=8��1� MHz, Hint
is estimated to be �2.4 T for the IP. Hint at the CuO2 plane
is generally given by Hint= �Ahf�MAFM= �A−4B�MAFM, where
A and B are the on-site hyperfine field and the supertrans-
ferred hyperfine field from the four nearest neighboring Cu-
AFM moments, respectively, and MAFM is the AFM
moment.40 Here A�3.7 T /�B, B�OP��7.4 T /�B, and
B�IP��6.1 T /�B are assumed to be the same as those for
Hg-1245.17 Using these values, a uniform AFM moment at
the IP is estimated as MAFM�IP��0.12�B in the n=3 com-
pound.

Figure 7�c� shows the ZFNMR spectrum for the n=4
compound, which exhibits two peaks at around 30 and 45
MHz. No NQR signals are observed around 63�Q�IP�
�8–9 MHz and 63�Q�OP��13.5 MHz, which are expected
for a nonmagnetic state. The respective MAFM=0.11�B and
0.18�B for the OP and the IP are estimated from Hint=2.7
and 3.8 T corresponding to the ZFNMR frequencies of 30
and 45 MHz. MAFM�IP� is larger than MAFM�OP� because
Nh�IP� is lower than Nh�OP�=0.148 due to the charge imbal-
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νQ (5-fold)

# 13.7 MHz
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FIG. 7. �Color online� Cu-ZFNMR/NQR spectra at T=1.5 K.
�a� The Cu-NQR spectrum of the OP for the n=2 compound �#1�
with 63�Q=13.7 MHz. �b� The Cu-NQR/ZFNMR spectra for the
n=3 compound. The NQR spectrum for the OP is observed to have
almost the same value of 63�Q as that of the OP for the n=2 com-
pound �#1�, revealing that no static-ordered moment is induced at
low temperatures. The spectrum observed around 27 MHz arises
from the IP with Hint�2.4 T and hence an AFM moment MAFM

�0.12�B �discussed in detail in text�. �c� The Cu-ZFNMR spec-
trum for the n=4 compound with Hint�2.7 T and 3.8 T for the OP
and the IP, respectively. Here, MAFM=0.11�B and 0.18�B are esti-
mated for the OP and IP, respectively. �d� The Cu-ZFNMR spectra
for the monoclinic phase of CaCuO2�II� obtained by the high-
pressure synthesis method �Ref. 39�. The spectra observed in f
=50–120 MHz in �a�–�c� arise from the impurity phase only via
the synthesis condition at a high pressure and temperature �see
text�. In the previous paper �Ref. 24�, these spectra were wrongly
believed to arise from the electron-doped OP.
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ance between the OP and the IP in multilayered systems in
general. We should note that the OP is mainly responsible for
the SC with Tc=55 K, since Nh�OP�=0.148
Nh�IP�. There-
fore, we revealed that the uniform mixing of AFM with
MAFM=0.11�B and SC occurs in the OP, reminiscent of the
uniform mixing of AFM �MAFM=0.1�B and TN=55 K� and
SC �Tc=85 K� in the three IPs in the five-layered Hg-1245
system.19

D. Magnetic ordering temperature in the n=3 and n=4
compounds

A 19F-NMR spectrum and the nuclear-spin-lattice relax-
ation rate 19�1 /T1� have been measured to determine the
Néel temperature �TN� in these compounds. Figures 8�a� and
8�b� show the T dependences of the 19F-NMR spectral width
defined as a full-width at a half maximum �FWHM� and
19�1 /T1� for the n=4 compound. Here, H is applied perpen-
dicular and parallel to the c axis. As reported in the previous
paper,24 the FWHM for the n=4 compound increases upon
cooling below �100 K and tends to saturate below �75 K.
This resembles the increasing behavior of MAFM following
the AFM order parameter, demonstrating that the AFM or-

dering occurs in the n=4 compound. This is corroborated by
the observation of a peak in 19�1 /T1� around 80 K, as shown
in Fig. 8�b�. This peak originates in the slowing down of
critical magnetic fluctuations as the magnetic ordering tem-
perature is approached. We suppose that the gradual increase
in FWHM upon cooling below 150 K may be ascribed to the
development of short-range AFM order in association with
the distribution of TN, although its origin is not yet known.

As for the n=3 compound, the T dependences of the
FWHM for the 19F-NMR and 19�1 /T1� are shown in Figs.
8�c� and 8�d�. Remarkably, the peak in 19�1 /T1� is observed
at 23 K, as shown in Fig. 8�d�. Along with the observation of
the spontaneous AFM moment MAFM=0.12�B at the IP at
T=1.5 K, this suggests the onset of AFM order for the n
=3 compound as well as the n=4 compound. The AFM order
is triggered by the single IP with MAFM=0.12�B through the
interlayer magnetic coupling �Jinter� via the three layers,
namely, SC-OP, BaF, and SC-OP �see Fig. 1�b��.

Interestingly, as for the n=4 compound, a small peak in
19�1 /T1� is also observed around 30 K, as indicated in Fig.
8�b�. Moreover, the 19FWHM rapidly increases upon cooling
at low temperatures, as shown in Fig. 8�a�. We assume that
this low-T peak in 19�1 /T1� originates in the slowing down of
critical magnetic fluctuations at the OP, below which
MAFM�OP� becomes completely static and develops upon
cooling. Since the two underdoped IPs have MAFM�IP�
�0.18�B larger than MAFM�OP��0.11�B, it is expected that
the two IPs trigger the AFM order below TN=80 K by an
interlayer magnetic coupling �Jinter� through the three layers,
namely, SC-OP, BaF, and SC-OP. On the other hand, the OPs

(b)
(a)

(c)

SC

SC

SC

SC

AFMM
(+SC)

AFMM
+SC

AFMM
+SC

AFMM
(+SC)

FIG. 9. �Color online� An illustration of the ground-state prop-
erties for the �a� n=2 �#1�, �b� n=3, and �c� n=4 compounds. The
OPs and the IPs are both doped by hole carriers and are in the
underdoped regime with a hole-doping level of Nh�IP��Nh�OP�.
�a� The n=2 compound �#1� is the superconductor with Tc=73 K
in the underdoped regime at Nh�OP�=0.174, resembling the
YBCO6.63 with Tc=62 K. �b� The n=3 compound is the antiferro-
magnetic superconductor with Tc=76 K in which the underdoped
IP with Nh�IP��Nh�OP�=0.160 is responsible for the AFM order
with MAFM=0.12�B and TN=23 K. �c� The n=4 compound is also
the antiferromagnetic superconductor with TN=80 K higher than
Tc=55 K. The IPs trigger the AFM with MAFM=0.18�B and TN

=80 K, whereas the OPs trigger the SC with Tc=55 K; interest-
ingly, the latter shows the AFM order with MAFM=0.11�B and also
a possibility to have its own TN� =30 K, below which MAFM�OP�
becomes completely static and develops upon cooling.
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FIG. 8. T dependences of a FWHM in 19F-NMR spectrum for
�a� the n=4 and �c� n=3 compounds with H�4.35 T perpendicular
to the c axis. The FWHM for the n=4 compound increases upon
cooling below �100 K and tends to saturate below �75 K. This
behavior resembles the increasing behavior of MAFM following the
AFM order parameter, demonstrating that the AFM ordering occurs
in the n=4 compound. In the n=3 compound, the FWHM also
increases affected by the AFM order. The T dependences of
19�1 /T1� for �b� the n=4 and �d� n=3 compounds at f
=174.2 MHz with H�4.35 T parallel to the c axis. 19�1 /T1� is
enhanced by critical magnetic fluctuations developing toward a
magnetically ordered temperature and has a peak at TN=80 K and
23 K for the n=4 and n=3 compounds, respectively. Note that a
small peak in 19�1 /T1� is also observed around 30 K. This low-T
peak seems to be relevant with TN� =30 K inherent to the OP, below
which MAFM�OP� becomes completely static and develops upon
cooling, increasing the 19FWHM rapidly at temperatures lower than
30 K �see text�.
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trigger the SC with Tc=55 K because Nh�OP� is larger than
Nh�IP�. Since MAFM�OP� is smaller than MAFM�IP� and the
interlayer magnetic coupling Jinter is significantly smaller
than the in-plane superexchange coupling �Jintra� in the CuO2
plane, the Néel temperature inherent to the OP �TN� =30 K�
seems to be smaller than that inherent to the IP, �TN
=80 K�. In this context, a spontaneous moment MAFM�OP�
is probably not completely static in between TN� =30 and TN
=80 K; however it develops markedly up to 0.11�B upon
cooling below 30 K. As a result, both AFM and SC uni-
formly coexist in the OP for the n=4 compound.

IV. SUMMARY

We have reported extensive studies by means of
63Cu-NMR /NQR and 19F-NMR on multilayered copper ox-
ides Ba2Can−1CunO2nF2 �denoted as the n compound� with
n=2,3 ,4. It is demonstrated that both the OPs and the IPs
are doped by hole carriers with the doping level Nh of the OP
being larger than that of the IP. As a result, we suggest the
absence of the self-doping mechanism; the OP �IP� is elec-
tron doped, whereas the IP �OP� is hole doped, which was
proposed in previous studies,22–24 assuming a nominal con-
tent of fluorine at the apical site.

The ground-state properties for the n=2 �#1�, n=3, and
n=4 compounds are summarized in Fig. 9. �i� The n=2 com-
pound �#1� is the superconductor with Tc=73 K in the un-
derdoped regime with Nh�OP�=0.174, resembling YBCO6.63
with Tc=62 K. �ii� The n=3 compound is the antiferromag-
netic superconductor with Tc=76 K in which the single IP is
in the underdoped regime with Nh�IP��Nh�OP�=0.160.
MAFM=0.12�B triggers the AFM order at TN=23 K by the

interlayer coupling via the three layers, namely, SC-OP, BaF,
and SC-OP. �iii� The n=4 compound is also the antiferro-
magnetic superconductor with TN=80 K higher than Tc
=55 K. The two IPs trigger the AFM with MAFM=0.18�B
and TN=80 K, whereas the OP triggers the SC with Tc
=55 K; interestingly, the latter shows the AFM order with
MAFM=0.11�B and also a possibility to have its own TN�
=30 K below which MAFM�OP� becomes completely static
and develops upon cooling. We note that the increase in the
number of IPs from one to two results in the strengthening of
the interlayer coupling; TN increases as the interlayer cou-
pling becomes stronger, although the doping levels in the n
=3 and n=4 compounds are comparable. Consequently, we
conclude that the uniform mixing of AFM and SC is a gen-
eral property inherent to a single CuO2 plane in an under-
doped regime for hole doping. This conclusion incorporates
the ARPES results on the n=4 compound;22 it was found that
the two Fermi sheets of the IP and OP are observed and that
the SC gap opens at the IP and OP below Tc=55 K.
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