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Abstract. Submillimetre-wave ESR measurements for Y2Cu2O5 single crystal have been
performed for the first time in the frequency region from 60 to 383 GHz using a pulsed magnetic
field up to 16 T. AFMR modes belowTN = 13 K have been analysed by a model proposed
previously, which is essentially the molecular-field theory with the assumption of anS = 1
dimer of two Cu2+ spins. The anisotropies of the system are determined by the analysis, and
they are discussed together with the results of our magnetization measurements.

1. Introduction

Y2Cu2O5 is the impurity phase of a high-Tc superconductor YBa2Cu3O7 and well known as
the so-called blue–green phase. Initially there was no interest in this material and it was not
noticed that it would show a very interesting phenomenon. Magnetic susceptibility [1] and
specific heat [2] measurements for powder samples suggest that this material undergoes
a long-range antiferromagnetic ordering belowTN = 13 K. Unlike what is found for
the normal antiferromagnetic copper compounds, however, two successive metamagnetic
transitions were found belowTN when an external field was applied to theb-axis (the
easy axis) of a single crystal. Cheonget al [3] first observed this phenomenon, but below
5 T where the second steep magnetization change just started to appear, and their single
crystal was a by-product of making a flux-grown YBa2Cu3O7 crystal. We measured the
magnetization of this material using an intentionally synthesized single crystal [4] up to
13 T—high enough to see the saturation by a pulsed field [5]—and obtained the full
magnetization curve as shown in figure 1. This result is extremely unusual, because the
anisotropy of Cu2+ spins is supposed to be smaller than the exchange interaction, and a
metamagnetic transition should not occur and has never been observed in copper compounds
before.

To explain this unusual behaviour of Y2Cu2O5, we have proposed the following model,
which was suggested by the fact that the magnetization curve forH‖b-axis is quite similar to
that of NiCl2·2H2O [5–7]. In Y2Cu2O5, Cu2+ ions are surrounded by four oxygens forming
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Figure 1. Magnetization curves observed in the static field at 4.2 K. The dotted line shows the
calculated magnetization curve. See the text for the details.

deformed squares, and they align along thea-axis making zigzag chains [8]. It should
be noticed that the 90◦ and the 180◦ exchange interaction paths are alternately connected
along this chain. Neutron diffraction experiments have shown ferromagnetic arrangements
of Cu2+ spins within the chain and along theb-axis, but an antiferromagnetic configuration
between the chains in theac-plane, belowTN at zero magnetic field [9, 10]. In our model,
it is assumed that there alternately exist a strong ferromagnetic interactionJ0 and a weak
interactionJ2 (ferro- or antiferromagnetic) between Cu2+ spins in the chain due to the
90◦ exchange path and the 180◦ one. This spin system can be regarded as a magnetic
chain composed ofS = 1 spins connected with the exchange interactionJ2 and having
single-ion-type anisotropyD which is of the order of(1g/2)2J0. If D is large enough,
this spin system may show metamagnetic transitions similarly to the case of NiCl2·2H2O
[7]. This argument is our most important point. Before our model was proposed, Kazeiet
al [11] and Garcia-Munozet al [12] suggested, from their powder sample magnetization
measurements, that the magnetization saturated at the second metamagnetic transition field
Hc2 like the magnetization curve of CoCl2·2H2O [13] and did not obtain the sloping part
betweenHc2 andHs in figure 1.

From the analysis of the magnetization process using our model, the ratio ofJ0 to
the exchange interactionJ1 with the spins in the adjacent chain was estimated to be
|J1/J0| ∼ 1/300 [5, 6]. On the other hand, several models were discussed for interpreting
the magnetic susceptibility of this material [14–16]. Ramakrishna and Ong reported that the
magnetic susceptibility is well explained by the quasi-one-dimensional ferromagnetic chain
model [14]. They analysed the experimental results assuming a uniform ferromagnetic
intrachain interaction and weak antiferromagnetic interchain interactions. Janicki and Troc
also analysed the magnetic susceptibility using the same model over a wide temperature
range up to 1000 K [15]. Moreover Paillaudet al analysed the magnetic susceptibility
using theJ -alternating ferromagnetic chain model [16]. None of these models, however,
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Table 1. The intrachain interactionsJ0 and J2, and the sums of the interchain interactions
zJ1 obtained from the magnetic susceptibility and our analysis of the AFMR. Ramakrishna
and Ong, and also Janicki and Troc analysed the magnetic susceptibility assuming a uniform
ferromagnetic intrachain interaction, and Paillaudet al assumed alternating ferromagnetic
intrachain interactions. The definition of the Hamiltonian of the exchange interaction is
H = −2J

∑
Si ·Sj

J0 J2 zJ1

Ramakrishna and Ong 36 K 36 K −3.2 K
Janicki and Troc 88 K 88 K −1.6 K
Paillaudet al 100 K 82 K −12.4 K

Our analysis 340 K −0.33 K −3.68 K

can explain the metamagnetic transition of this material. The intrachain interactionsJ0 and
J2 and the sums of the interchain interactionszJ1 obtained from the magnetic susceptibilities
are listed in table 1 and are compared with our results.

There have been several X-band ESR measurements for powder samples of Y2Cu2O5.
The g-values obtained by these ESR measurements were similar—aroundg ∼ 2.1 [10,
14, 17–19]. Genossaret al observed the increase of the linewidth below 120 K, and a
further huge increase of the linewidth at 20 K indicating a phase transition [17]. However,
Ramakrishna and Ong claimed that the resonance field and the linewidth were temperature
independent [14]. We performed a submillimetre-wave ESR measurement for a powder
sample of Y2Cu2O5 previously [20, 21]. As we used a high frequency and high magnetic
field, three different anisotropicg-values were obtained from the ESR absorption lines
observed at 86 K, reflecting the deformation of CuO4 units [20]. They wereg1 = 2.03,
g2 = 2.08 andg‖ = 2.29. Moreover the frequency–field relationships observed below
TN were different from those of the usual two-sublattice antiferromagnet [20, 21]. The
antiferromagnetic resonance (AFMR) modes could be qualitatively explained by our model
[21]. However, it is difficult to explain the magnetization measurements consistently with
the AFMR modes. But ambiguity remained due to the use of the powder sample. To
facilitate more detailed discussion, we performed a submillimetre-wave ESR measurement
using single-crystal Y2Cu2O5.

The purpose of this paper is to present for the first time results of submillimetre-wave
ESR measurements and magnetization measurements in the static magnetic field for single-
crystal Y2Cu2O5, and analysis of the AFMR modes belowTN using our model, which was
used to interpret our previous magnetization measurements [5, 6].

2. Experimental details

The submillimetre-wave ESR measurements for single-crystal Y2Cu2O5 were performed
using 60, 70, 80, 90, 100, 110, 120, 130, 140 and 300 GHz Gunn oscillators, and 220 GHz
band and 370 GHz band backward-travelling-wave tubes using pulsed magnetic fields up
to 16 T in the temperature region from 1.8 K to 265 K. The details of our experimental
set-ups can be found in [22] and [23]. The magnetization measurements were performed
in a static magnetic field up to 15 T using a vibrating-sample magnetometer at 4.2 K. The
magnet used in our experiments is the water-cooled magnet WM-5 of Tohoku University.

The single-crystal samples were very tiny needle-like-shaped ones with dimensions of
about 3× 0.05× 0.05 mm3, and with the elongated axis corresponding to theb-axis. We
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arranged a number of the samples on a piece of polyethylene sheet so as to have coincidence
with the b-axes. The distinction between thea- and c-axes is not apparent, so the ESR
absorption line and the magnetization curve observed in the case ofH⊥b is the mixing of
those forH‖a andH‖c. We performed the submillimetre-wave ESR study for the Voigt
configuration in the case ofH‖b, while in the case ofH⊥b our experiments were performed
both for the Faraday and for the Voigt configuration. The details of our experimental set-ups
in the Voigt configuration can be found in [24].

3. Results

3.1. Magnetization measurement

The magnetization curves observed in the static magnetic field are shown by the solid lines
in figure 1. The magnetization curve forH‖b is consistent with that observed in the pulsed
magnetic field [5]. ForH‖b, the transition fieldsHc1, Hc2, and the saturation fieldsHs‖b are
Hc1 = 2.84 T, Hc2 = 4.71 T andHs‖b = 7.3 T respectively. ForH⊥b, the magnetization
increases linearly and saturates atHs⊥b = 11.0 T. The saturated magnetizations forH‖b
and forH⊥b areMs‖b = 1.03µB andMs⊥b = 0.89µB, respectively. The difference in the
saturated magnetization betweenH‖b andH⊥b comes from the anisotropy of theg-values.
The ratio of the saturated magnetizationsMs‖b/Ms⊥b is consistent with that of theg-values,
g‖b/g⊥b.

Figure 2. The angular dependence of the EPR absorption line observed at 86 K using 90 GHz.
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Figure 3. The angular dependence of the linewidth andg-value observed at 86 K using 90 GHz.
The linewidth is indicated by open circles and theg-value is indicated by closed circles.

3.2. Electron paramagnetic resonance (EPR)

Figure 2 shows the angular dependence of the EPR absorption line observed at 86 K using
90 GHz. Theg-values forH‖b andH⊥b are

g‖b = 2.32 and g⊥b = 2.05 (1)

respectively. The magnitudes of theg-values are typical of copper oxides. They are
consistent with the valueg = 2.1 for the powder sample obtained from the X-band ESR
[10, 14, 17–19] if we assume the averageg = (g‖b + 2g⊥b)/3. Comparing with the results
of our submillimetre-wave ESR measurement for the powder sample [20],g1 = 2.03 and
g2 = 2.08 seem to correspond to theg-values of the principal direction perpendicular to
the b-axis. Despite the mixing ofH‖a and H‖c, only one absorption is observed for
H⊥b. This fact may be due to the rather broad linewidth compared with the difference
in resonance field betweenH‖a andH‖c. The angular dependence of the linewidth and
g-value are shown in figure 3. The linewidth seems to broaden asθ approaches zero.

Figure 4 shows the temperature dependence of the absorption line forH‖b observed
at 90 GHz. As the temperature is decreased, the EPR absorption line becomes broader and
then vanishes nearTN. Then the new absorption line, which corresponds to AFMR below
TN, appears at the lower magnetic field. The temperature dependence of the linewidth and
the resonance field are plotted in figure 5 and figure 6, respectively. The large increase of
the linewidth nearTN is consistent with the observation of Genossaret al [17].

Figure 7 shows the temperature dependence of the resonance fields observed at
370.4 GHz forH‖b andH⊥b. Large EPR shifts aboveTN are observed. As the temperature
is decreased, the resonance field forH‖b shifts towards the lower field while that forH⊥b
shifts towards the higher field. These behaviours are similar to theg-shifts observed for
quasi-one-dimensional antiferromagnets [25].

3.3. Antiferromagnetic resonance (AFMR)

Figures 8(a) and 8(b) show the absorption lines of the antiferromagnetic resonance (AFMR)
observed at 1.8 K forH‖b andH⊥b, respectively. The dotted lines show the critical fields
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Figure 4. The temperature dependence of the absorption line observed at 90 GHz forH‖b.

Figure 5. The temperature dependence of the linewidth observed at 90 GHz forH‖b.

Hc1, Hc2, and the saturation fieldsHs‖b, Hs⊥b obtained by our magnetization measurement in
a static magnetic field. In the case ofH⊥b the observed absorption intensities are stronger
in the Voigt configuration than in the Faraday configuration. Figure 8(b) shows the case of
the Voigt configuration. The absorption lines are observed for all magnetic phases in the
case whereH‖b. The antiferromagnetic resonances in the magnetic phase betweenHc1
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Figure 6. The temperature dependence of the resonance
field observed at 90 GHz forH‖b. The solid line shows
the theoretical curve calculated using our model. See
the text for the details.

Figure 7. The temperature dependence of the resonance
fields observed at 370.4 GHz forH‖b andH⊥b.

Figure 8. Absorption lines of the antiferromagnetic resonances observed at 1.8 K forH‖b (a)
and H⊥b (b). The dashed lines show the transition fieldsHc1, Hc2 and the saturation fields
Hs‖b, Hs⊥b.

andHc2 for H‖b are observed in the 220 GHz band and the frequency region just below
80 GHz. Small absorption lines, which may correspond to the critical field resonance, are
observed at the vicinity of the critical fieldsHc1 andHc2. There are also strange absorption
lines at around 1.5 T below 70 GHz. They cannot be explained by the impurity, because the
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Figure 9. Frequency–field diagrams of the AFMR observed at 1.8 K forH‖b (a) andH⊥b (b).
The solid lines correspond to the calculated AFMR modes. See the text for the details.

resonance fields of these absorption lines depend little on the frequency and the direction of
the magnetic field. It is not clear at this moment whether these absorption lines are intrinsic
or not. The frequency–field relationships for the AFMR forH‖b and H⊥b are shown
in figures 9(a) and 9(b) respectively. ForH‖b, different AFMR modes appear in each
magnetic phase, reflecting the magnetic transitions. The AFMR mode observed between
Hc1 and Hc2 cannot be explained by the conventional two-sublattice model. The analysis
of the AFMR modes using our model will be discussed in the next section.

4. Analysis and discussion

The AFMR modes of Y2Cu2O5 are now analysed by the conventional molecular-field theory
using our model. According to our model, we assume that two Cu2+ spins produce a dimer
with S = 1 and that these dimers are coupled by the antiferromagnetic interactionsJ1 and
J2 which correspond to the interchain interaction and the intrachain interaction, respectively
[5, 6]. We assume that the main part of the anisotropy comes from the effective single-ion
anisotropy induced by the anisotropic exchange interaction within the dimer, and that the
interdimer anisotropic exchange interactions are negligibly small because they are estimated
to be of the order of(1g/g)2J1,2 ∼ |J1/100| and|J2/100|, respectively. Proposed magnetic
structures when an external field is applied to theb-axis are shown in figure 10. We
assume that the antiferromagnetic structure belowHc1, which is determined by the neutron
diffraction measurements [9, 10], changes to a ferrimagnetic structure betweenHc1 and
Hc2 and then to a spin-flop structure or a helical structure betweenHc2 and Hs‖b. Which
magnetic structure is stable betweenHc2 andHs‖b is determined from the ratio|J2/J1|. In
the case where|J2/J1| < 0.5 the spin-flop structure should be realized, while in the case
where|J2/J1| > 0.5 the helical structure should be realized in this magnetic phase. Finally
the ferromagnetic structure is realized above the saturation fieldHs‖b. As shown in figure
10(b), the ferrimagnetic structure which is assumed in the magnetic phase betweenHc1 and
Hc2, is described by six sublattices. Therefore the free energy of this system should be
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Figure 10. Proposed magnetic structures when the magnetic field is applied to theb-axis;
(a), (b), (c) and (d) correspond to antiferromagnetic, ferrimagnetic, spin-flop and ferromagnetic
structures, respectively. The arrows correspond to the magnetic moments of the dimers with
S = 1. The magnetic moments are pointing parallel or opposite to theb-axis except for in the
case of (c). In the case of (c), the magnetic moments lie in the plane containing theb-axis. We
cannot determine whether the magnetic moments lie in theab-plane or thebc-plane, because
no distinction between thea- andc-axes is apparent.

expressed by the six-sublattice model as follows:

F = A1(M1 · M6 + M1 · M4 + M2 · M4 + M2 · M5 + M3 · M5 + M3 · M6)

+ A2(M1 · M2 + M2 · M3 + M3 · M1 + M4 · M5

+ M5 · M6 + M6 · M4) + 1
2

∑
i

Mi0
′Mi −

∑
i

MiH (2)

whereMi is ith-sublattice moment. The first and the second term represent the interchain
interactionJ1 and intrachain interactionJ2. The coefficientsA1 andA2 are given by

A1 = − 6

N

4J1

(gµB)2
A2 = − 6

N

2J2

(gµB)2
. (3)

The third term represents the anisotropy with the tensor form expressed as follows:

G=
( 0′

x

0′
y

0′
z

)
(4)

where

0′
x + 0′

y + 0′
z = 0. (5)

We define thex-, y-, z-axes to be the easy axis, the second easy axis and the hard axis,
respectively. We choose theg-values asg‖b = 2.32 for H‖easy axis,g2 = 2.08 for
H‖second easy axis, andg1 = 2.03 for H‖hard axis, respectively. According to the
method used in the case of NiCl2·2H2O [7], the resonance conditions and the transition
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Figure 11. The motions of the sublattice moments of the ESR modes calculated for the magnetic
phaseHc1 < H < Hc2. (a) and (b) correspond to the high-frequency modeω3 and the low-
frequency modeω4, respectively.

fields for Y2Cu2O5 were already calculated and presented in [21]. We will use the same
notation as in [21] for the resonance modes as shown in figures 9(a) and 9(b). The
ESR modesω1, ω2, ω5, ω6, ω7, ω8, ω9, ω10, ω11 andω12 calculated for the magnetic phases
0 < H < Hc1, Hc2 < H < Hs‖b and Hs‖b < H for H‖b and for H⊥b are the same as
those of the usual two-sublattice antiferromagnet, because the magnetic structures in those
magnetic phases are described by the two-sublattice model. In those cases, the sublattice
momentsM1, M2 and M3 or M4, M5 and M6 have the same phases. The motions of
the sublattice moments of these ESR modes can be found in [26]. For the magnetic phase
Hc1 < H < Hc2 whose magnetic structure is described by the six-sublattice model, six ESR
modes can be obtained. However, not all of the ESR modes are observable, because the
modes are observable only when the total magnetization is in motion. As a result, only two
ESR modes are observable. The motions of the sublattice moments of the observable ESR
modes are shown in figures 11(a) and 11(b). Figures 11(a) and 11(b) correspond to theω3-
and ω4-modes, respectively. In both cases,M1 and M6 or M2, M3, M4 and M5 have
the same phases. The phase difference betweenM1 andM2 is π . Theω3- andω4-modes
precess in opposite directions as shown in figure 11.

There are four unknown parameters, i.e. the exchange fieldsHE1, HE2, which correspond
to interchain interactionJ1 and intrachain interactionJ2, respectively, and the orthorhombic
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anisotropy fieldsHA1, HA2. They can be expressed as follows:

HE1 = 2A1M0 HE2 = 2A2M0

HA1 = (0′
y − 0′

x)M0 HA2 = (0′
z − 0′

x)M0.
(6)

HereM0 is the magnetization of sublattice moment given by

M0 = 1

6
NgµBS (7)

whereS is the spin of the dimer withS = 1. From the neutron diffraction measurement, the
magnetic moment of a copper ion is estimated to be 1.06µB per ion [9]. Therefore we assume
the magnetic moment of the dimergµBS to be 2.12µB. The parametersHE1, HE2, HA1 and
HA2 are determined by applying the calculated results to the experimental results on zero-
field resonance frequencies, the AFMR modes aboveHs‖b for H‖b and the first transition
field Hc1. They are as follows:

HE1 = 5.15 T HE2 = 0.93 T

HA1 = 2.0 T HA2 = 2.1 T.
(8)

As the ratioHE2/HE1 turned out to be 0.2, the spin-flop structure is more stable in the
phase betweenHc2 andHs‖b than the helical structure, in contrast to the case for NiCl2·2H2O
where the magnetic structure in this phase is considered to be the helical structure [7]. The
calculated transition fields are obtained as follows:

Hc1 = 2.84 T Hc2 = 4.51 T Hs‖b = 7.2 T

Hs⊥b1 = 11.8 T Hs⊥b2 = 12.3 T
(9)

whereHs⊥b1 andHs⊥b2 are the saturation field for the second easy axis and the hard axis,
respectively. The theoretical curves for AFMR modes obtained from our model are shown
by the solid lines in figures 9(a) and 9(b). It turned out that all of the AFMR modes expected
from our model are observed. The crystalline-field constants of the effective single-ion-type
anisotropiesD andE are estimated from the following relations [27]:

D = −gµBS(HA1 + HA2)

S(S − 1
2)

E = gµBS(HA2 − HA1)

S(S − 1
2)

.

(10)

D andE are calculated as

D = −3.35 K and E = 0.08 K. (11)

The intradimer exchange interactionJ0 is roughly estimated to be 340 K from the following
relation:

|D| ∼ (1g/2)2J0. (12)

We consider this magnitude ofJ0 to be reasonable in the case of copper oxides. From
HE1 and HE2, both interdimer exchange interactionsJ1 and J2 are estimated to be
antiferromagnetic. The magnitudes ofJ1 andJ2 are calculated as

J1 = −0.92 K and J2 = −0.33 K. (13)

Although the intrachain interactionJ2 is evaluated as antiferromagnetic, the ferromagnetic
arrangement of Cu2+ spins in the chain in zero magnetic field can be realized because the
magnitude of the interchain interactionJ1 is estimated to be larger than that ofJ2. The
ratios|J1/J0| and|J2/J0| are estimated to be of the order of 1/380 and 1/1100, respectively.
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The intrachain interactionsJ0, J2 and the sums of the interchain interactionszJ1 obtained
from our analysis are shown in table 1. In our casez = 4. The sums of the interchain
interactionszJ1 obtained from our analysis seem to be comparable with that obtained by
Ramakrishna and Ong [14] and Janicki and Troc [15] from the magnetic susceptibility using
the quasi-one-dimensional chain model. However, the intradimer interactionJ0 is rather
large compared with that obtained from the magnetic susceptibility [14–16]. It is clear that
the quasi-one-dimensional chain model cannot explain the existence of the metamagnetic
transition, because the ratio|J2/J0| estimated by Paillaudet al [16] is 1/1.23. The dimer
with S = 1 cannot be produced by their model.

The temperature dependence of the resonance field belowTN can be calculated by
considering the temperature dependence of the magnitude of the sublattice momentM0

which is obtained from the neutron diffraction measurement [9]. The calculated result
shows good agreement with the experimental result observed at 90 GHz forH‖b as shown
by the solid line in figure 6. The experimental results observed at 370.4 GHz are also
explained by same analysis except for nearTN, as shown by the solid lines in figure 7.
According to this analysis, the resonance field should be constant aboveTN because the
sublattice momentM0 is zero. However, a continuous shift of the resonance fields from the
paramagnetic state to the antiferromagnetic state is observed at 370.4 GHz.

From the above analysis, the AFMR of Y2Cu2O5 can be explained by our model fairly
well, except the small discrepancies in the phase betweenHc1 andHc2 and betweenHc2 and
Hs‖b for H‖b. However, there exist some other discrepancies between the experimental
results and calculated results. Our model is not consistent with the large EPR shifts observed
aboveTN, because the results of the analysis indicate that the interchain interactionJ1 is
comparable to the intrachain interactionJ2, which indicates that there exist three-dimensional
exchange interactions in this material. Moreover the magnetization curve in the magnetic
phase betweenHc2 and Hs‖b cannot be explained by the molecular-field theory. The
magnetizationM(H) can be calculated from the following relation:

M(H) = ∂F

∂H
. (14)

The theoretical magnetization curve which is calculated with the parameters obtained from
the analysis of the AFMR is shown by the dashed line in figure 1. The theoretical
magnetization curve betweenHc2 andHs‖b is calculated as follows:

M(H) = MsH

2HE1 − HA1
(15)

whereMs is the saturated magnetization. Therefore if the spin-flop structure is realized in
this magnetic phase as assumed in our model, the extrapolation of the linear magnetization
must cross the origin. However, the extrapolation of the experimental result does not cross
the origin. This fact suggests that the magnetic phase betweenHc2 and Hs‖b cannot be
interpreted by the molecular-field theory.

5. Conclusion

Submillimetre-wave ESR measurements for the single-crystal Y2Cu2O5 have been
performed for the first time. The AFMR modes were explained using our model which
is essentially a molecular-field theory. However, large EPR shifts, which are similar to
those of the one-dimensional antiferromagnet, are observed aboveTN. These shifts are not
consistent with our model, because the analysis using our model suggests that there exist
three-dimensional exchange interactions in this material. Moreover the magnetic phase
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betweenHc2 andHs‖b cannot be interpreted with molecular-field theory. In order to clarify
the magnetic structure in the magnetic phase betweenHc2 and Hs‖b, a neutron diffraction
experiment under a magnetic field up toHs‖b is required.
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