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NMR evidence of strongly correlated superconductivity in LiFeAs: Tuning toward a
spin-density-wave ordering
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In this Rapid Communication, we reported the results of NMR study on LiFeAs single crystals. We find a
strong evidence of the low-temperature spin fluctuations; by changing sample preparation conditions, the
system can be tuned toward a spin-density-wave (SDW) quantum-critical point. The detection of an interstitial
Li(2) ion, possibly locating in the tetrahedral hole, suggests that the off-stoichiometry and/or lattice defect can
probably account for the absence of the SDW ordering in LiFeAs. These facts show that LiFeAs is a strongly
correlated system and the superconductivity is likely originated from the SDW fluctuations.
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The interplay of magnetism and superconductivity is one
of the dominant themes in the study of unconventional su-
perconductors, such as high-7, cuprates, organic supercon-
ductors, and heavy fermions, where the magnetic fluctuations
are crucial to the superconductivity, in general.!-3 This sub-
ject has also been extensively studied both experimentally
and theoretically in the recent discovered iron pnictides,*
where high-temperature superconductivity is achieved by
suppressing a competing spin-density-wave (SDW) state
upon chemical doping or pressure’’. Here the superconduc-
tivity emerging in proximity to a SDW quantum-critical
point, as well as the persisting spin fluctuations shown above
T} support strongly that superconducting pairing is medi-
ated by spin fluctuations.

However, in an iron pnictide LiFeAs, bulk superconduc-
tivity up to 18 K, instead of long-range antiferromagnetism
(AFM), is found in the ground state without nominal
doping.®~!""  Angle-resolved photoemission spectroscopy
studies'>'* do not see evidence of spin fluctuations. In par-
ticular, the superconducting gap seems to be a single isotro-
pic gap with a moderate amplitude,'>'* in contrast to the
multiple gaps in other iron pnictides which is likely origi-
nated from Fermi-surface nesting and spin fluctuations.!>-20
The uSR studies show that LiFeAs has a different Uemura
relation with other pnictide superconductors.?! These facts
lead to an everlasting proposal that LiFeAs is a conventional
superconductor, rather than a strongly correlated supercon-
ductor.

Theoretically, the local-density approximation calcula-
tions indicate that LiFeAs has a similar band structure with
LaFeAsO, BaFe,As,, and NaFeAs, and therefore, a similar
magnetic ordering and a universal origin of superconductiv-
ity are expected among all compounds.?> Particularly, the
sister compound NaFeAs with the same 111 structure has
similar magnetic’®?” and superconducting properties”® (upon
doping) to the 1111 [such as RFeAsO,_F, (Refs. 5, 29, and
30)] and the 122 (such as Ba;_,K,Fe,As, and
Ba(Fe,_,Co,),As, (Refs. 6 and 31)] families. It is conjec-
tured that the absence of AFM in LiFeAs is probably caused
by lithium deficiency.'® However, the lacking of evidences
for chemical nonstoichiometry and the absence of Curie-
Weiss-type low-temperature SDW spin fluctuations from
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NMR (Refs. 32 and 33) do not seem to support this scenario.

Therefore, the study of whether LiFeAs is a strongly cor-
related superconductor is certainly important for understand-
ing the correlation among the band structure, the magnetism,
and the mechanism of superconductivity of the high 7, pnic-
tides. In order to resolve this problem, we performed NMR
studies on LiFeAs single crystals. We first searched for pos-
sible SDW order and SDW fluctuations in our high-quality
single crystals. We found evidences of anisotropic spin fluc-
tuations, which can be tuned toward an SDW quantum-
critical point. We further show spectral evidence that the ab-
sence of antiferromagnetism in LiFeAs is likely caused by
the doping and/or the scattering effect from an additional
Li(2) site.

The single crystals of LiFeAs were grown by self-flux
method with two different growth conditions. LiAs was first
synthesized as precursor by reacting Li (3N) and As (5N) in
Ta tube sealed in evacuated quartz tube and heated at 600 °C
for 10 h. Mixtures of LiAs and Fe (4N) powder with the
composition of LisFeAss were sealed into Ta tubes under 1.5
atm of argon gas, then the Ta tubes were vacuum sealed into
quartz tubes. For the sample 1 (S1), the tube was heated to
1050 °C, held for 24 h and cooled slowly to 650 °C over
200 h, then the furnace is shut down and naturally cooled
down to room temperature. The sample 2 (§2) was obtained
by heating the tube to 1170 °C, held there for 2 h before the
temperature was decreased to 870 °C within 100 h, then the
sample was taken out and quenched in air. The S1 has a large
superconducting volume and a higher 7. 17 K, whereas the
S2 has a smaller superconducting volume and a lower 7. 10
K [see Fig. 1(b)]. Their electronic and magnetic properties
were measured on a quantum design physical property mea-
surement system with the vibrating-sample magnetometer
option provided.

The NMR crystals were chosen with typical dimension of
3%2x0.1 mm’. Both 'Li(§=3/2) and "As (S=3/2) NMR
studies were performed with the magnetic field along the ab
plane and the ¢ axis. All spectral measurements use the spin-
echo technique. The spin-lattice relaxation rate is deduced
from an inversion-recovery method and the spin magnetiza-
tion is fit with the S=3/2 nuclear recovery %:1
~A(0.17M14+0.9¢7T) for PAs and Z=1-A(0.1e”"
+0.9¢7T1) for "Li.
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FIG. 1. (Color online) (a) The proposed crystal structure of
Li;,FeAs (Refs. 10 and 34). Additional Lithium ion Li(2) (hollow
circle) occupies the interstitial site (3/4, 1/4, and 1/2), which is right
above the Fe site and inside an As, tetrahedron. (b) The dc suscep-
tibility of two LiFeAs crystals S1 and S2 with different growth
conditions with zero-field-cooled and field-cooled conditions under
100 Oe field.

We first study the spin fluctuations through the spin-lattice
relaxation rate 1/7, of "As in LiFeAs. In Fig. 2(a), the
1/T*T of the superconducting crystal S1(Tc=~17 K) is
shown with an 8 T magnetic field along the ab plane. The
superconducting onset is shown by a sharp drop of the
1/T,T below T.. There is a small upturn while temperature
decrease from 50 K down to 7., which indicate spin fluctua-
tions. Following Moriya’s two-dimensional spin-fluctuation
theory in a paramagnet, we fit the data with a Curie-Weiss
behavior 1/T,T=A/(T+®)+b at low temperatures [see Fig.
2(a)]. Here A is proportional to the electron density of state
on the Fermi surface, and the value of ® is correlated with
band mass m*, whose sign usually switches from negative to
positive if the system is tuned from an antiferromagnetic
ground state to a quantum-disordered paramagnet. The b
term is obtained phenomenologically assuming a Korringa
(Fermi liquid) contribution from the multiple band system.
Our fitting parameter @=30*+5 K is comparable with the
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FIG. 2. (Color online) (a) The spin-lattice relaxation rate

1/ T,T of sample S1 under a field of 8 T applied along the crystal
ab plane. The solid line is a fit by a Curie-Weiss term 1/7|T
=A/(T+0)+b+cT with ®=30%5 K. The >As NMR spectra at
different temperatures are shown. (b) The 1/ T\T of sample S2
with field applied along ab plane and the ¢ axis. The solid line is a
guide to the Curie-Weiss fitting with ®=10x5 K for field along
the ab plane and ®=20*5 K for field along the ¢ axis.
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optimal-doped Ba(Fe,_,Co,),As,,% indicating a similar
strength of spin fluctuations with other iron pnictide super-
conductors.

To check the sample dependence of spin fluctuations, we
investigated the spin-lattice relaxation of sample S2 with a
less superconducting volume and a lower 7. The spin-lattice
relaxation rate (SLRR) of the crystal S2 is measured with
field applied both along the ab plane (1/7°T¢T) and along
the ¢ axis (1/75T T) [see Flg 2(b)]. Comparmg with S1, the
low temperature 1/’ Tl T of S2 are very different. The
1/7 T‘h T increase dramatlcally as temperature drops under a
12 T magnetic field with ®=10x5 K, which is close to a
diverging behavior (i.e., ®=0 K) at finite temperature.
Such behavior is a clear indication that the system is close to
a magnetic ordering.

Next we discuss the nature of the low-temperature spin
fluctuations. As shown in Fig. 2, the Curie-Weiss behavior is
also seen in 1/ 75TT (®=20=*5 K) but much weaker than
that of the 1/7° le T. The anlsotropy of the spin-lattice relax-
ation rate deﬁned as Ty/ 7%, increases as temperature drops,
which is well descrlbed as signatures of the stripe AFM (or
the SDW) correlations.>3-37 The observations of the dramatic
enhancement and the anisotropy of the low-temperature spin-
lattice relaxations indicate unambiguously that LiFeAs is a
strong-correlated system, which is close to the SDW order.

This draws a similarity among LiFeAs and other iron
pnictides and suggests that the superconductivity in LiFeAs
is also mediated by SDW spin fluctuations. Although the
long-range magnetic ordering is not achieved so far in our
crystals, the small value of ® in S2 indicates that the LiFeAs
is tuned toward an SDW quantum-critical point. Obviously it
is important to find what the tuning parameter is. The sample
difference is probably related to the chemical off-
stoichiometry which contribute to a doping effect and/or an
impurity scattering effect.

In fact, it is well-known that lithium could be reversibly
intercalated/inserted into the interstitial sites for many mate-
rials due to its high mobility and small size such as in lithium
ion batteries. Considering such behavior of lithium and the
structure of LiFeAs, we performed 'Li spectrum studies to
search for possible extra Lithium in the lattice. With the
magnetic field along the ab plane, we found a very weak
spectral tail on the low-frequency side of the normal Li spec-
trum in S1 [see Fig. 3(a)] and we label two subspecies as
Li(1) and Li(2). Their respective spin-lattice relaxation rates,
1/7T,(1) and 1/7T,(2), are also compared [see Fig. 3(b)]. A
weak upturnlike behavior is seen in both 1/'7,T as tempera-
ture decreases, which is probably also caused by the spin
fluctuations as shown in 1/7°T,T. The Li(1) [one central
transition and two satellites with 7vq(l) ~0.06 MHz] is
identified as normal lithium site as shown in Fig. 1 because
of its large intensity (multiplied by 0.1 in the figure), low
hyperfine coupling from its small Knight shift ('K,
<0.005%) and slow spin-lattice relaxation rate. The Li(2) is
on another specific site because its spin-lattice relaxation fol-
lows a single T, component (data not shown). Both Li(1) and
Li(2) spectra broaden blow T, which leads to more spectral
overlap in the frequency range. In order to reduce the over-
lap, we use a fast recovery method, where the samples are
fed with saturation pulses and then the measurements are
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FIG. 3. (Color online) (a) The "Li NMR spectrum of a LiFeAs
crystal (S1) with 7.98 T field in the ab plane. The spectrum splits
into two species, Li(1) and Li(2). The Li(2) spectrum below T, is
obtained by a fast recovery method (see text); inset: the Knight shift
of Li(1) and Li(2) (relative to T=1.6 K). (b) The comparison of the
SLRR between Li(1) and Li(2). The 1/77; on the Li(2) site is 30
time faster but in the same order with 1/7 T, of 3As.

taken after a short recovery time #[r= é7T1(2) <'T,(1)].
Since Li(1) has a much longer 7 than that of Li(2) [see Fig.
3(b)], the spectral weight contribution of Li(1) at the Li(2)
frequency is then negligible.

The Li(2) spectra shift to higher frequency [see Fig. 3(a)
inset] and broaden right below T, which indicates that Li(2)
is intrinsic in a superconducting state. We are not able to find
the satellite of Li(2) and assign the lattice position of Li(2)
directly, possibly because the satellite intensity of Li(2) is too
low. According to the spectrum and the spin-lattice relax-
ation measurements, it is natural to conclude that the Li(2)
comes from an interstitial site in the lattice [see Fig. 1(a)],
which is located just above the Fe site and enclosed in an Asy
tetrahedron.? Since Li has a very small quadruple moment,
the quadrupole correction to the center frequency of Li(2) is
probably negligible.®® The Knight shift of Li(2) with field
along the ab plane is estimated with 7Kﬁb~—0.l% much
larger than that of Li(1). Li(2) is also found with field along
the ¢ axis and Knight shift is estimated as 'K‘~-0.05%.
Early x-ray studies® on LiFeAs suggest an interstitial Li site
located above the Fe site and enclosed in an As, tetrahedron,
which seems consistent with our Li(2) data for several rea-
sons: (1) a large hyperfine coupling of the Li(2) to the Fe is
expected unlike the cancellation effect of the diagonal hyper-
fine field on the Li(1) position.?”-3 This is consistent with the
fast spin-lattice relaxation rate and a large Knight shift of
Li(2). (2) The hyperfine coupling A}, is expected stronger
than Az;’-, which is consistent with the anisotropic Knight
shift of Li(2). (3) °'Fe also has a negative Knight shift from
spin contributions with 'K, ~-0.1%,3° which supports that
Li(2) is located at the same symmetric position as iron.

It should be noted that, in Li;, , MnAs,*® the (3/4, 1/4, and
1/2) sites [see Fig. 1(a)] are fully occupied by lithium,
whereas only a few percent of additional lithium is located in
octahedral holes. One can hence speculate that lithium defi-
ciency and/or insertion can occur simultaneously in
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Li,, FeAs. We roughly estimate the Li(2) concentration of
(6 £3)%/unit in S1, by comparing the spectral weight be-
tween Li(1) and Li(2) and assuming Li(2) satellites do not
overlap with the center line [otherwise (2 = 1)%/ unit]. Com-
pared with the sister 111 compound NaFeAs,?® such a carrier
level is sufficient to tune the SDW and superconducting
state.

Now we discuss the cause of property difference between
sample S1 and S2. Li(2) is also found in sample S2, esti-
mated with a concentration of (9%+3)%/unit [or
(3*1)%/unit with overlapping center line and satellites].
However, it is unreliable to compare the concentration dif-
ference within the error and we consider several possibilities.
If the actual concentration of Li(2) is higher in S1, a larger
electron-doping effect is expected to suppress the SDW and
induces the superconductivity, which is seen in S1. On the
other hand, if the actual concentration of Li(2) is higher in
S2, additional doping effect such as Li(1) deficiency, may
exist to cancel the Li(2) effect. Then a higher concentration
of Li(2) in S2 result in the low T, and bring the system back
toward the SDW ordering.*' In fact, lithium deficiency on
Li(1) has been speculated to coexist with Li(2) doping.!%-?240
Besides, disorder could also play an essential role here. Since
S2 is made with a fast growth condition, disorder scattering
may suppress the superconductivity and favor the competing
SDW ordering. Finally, we should also point out that al-
though Li(2) is coupled to superconductivity, we cannot
completely rule out the possibility that the Li(2) is from a
minor superconducting phase. More work is needed to verify
the position and the role of Li(2) proposed in LiFeAs.

To summarize, we found two independent evidences for
strong-correlated superconductivity in LiFeAs. First, evi-
dence of strong spin fluctuations is found in the normal state
right above 7., which increase as temperature drops. Such
effect supports that superconductivity is probably mediated
by spin fluctuations. In particular, a suppression of 7. with
different growth conditions leads to a significant enhance-
ment of anisotropic spin fluctuations toward an SDW
quantum-critical point. Second, our data show a Li(2) signal
with a finite concentration in superconducting LiFeAs and
the absence of the long-range AFM in LiFeAs could be
caused by a doping effect. Combining both evidences, our
data unifies LiFeAs with the 1111 and the 122 iron pnictides
with the same magnetic origin and the same mechanism of
superconductivity. We believe that our results are important
to understand the mechanism of superconductivity and un-
derline further the importance of magnetic fluctuations for
the superconductivity pairing observed in iron-based super-
conductors.

The authors acknowledge Z. Y. Lu, T. S. Zhao, W. Bao,
and P. C. Dai for helpful discussions. W.Y. and G.E.C. are
supported by the National Basic Research Program of China
(under Contract Nos. 2010CB923000 and 2011CB605900)
and the National Natural Science Foundation of China
(Grants Nos. 11074304 and 10974254. W.Y. is also sup-
ported by Program for New Century Excellent Talents in
University.

180501-3



MA et al.

*wqyu_phy @ruc.edu.cn

1. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, and
S. Uchida, Nature (London) 375, 561 (1995).

2N. D. Mathur et al., Nature (London) 394, 39 (1998).

3D. Jérome et al., J. Phys. (France) Lett. 41, 95 (1980).

4Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 (2008).

5G. F. Chen, Z. Li, D. Wu, G. Li, W. Z. Hu, J. Dong, P. Zheng,
J. L. Luo, and N. L. Wang, Phys. Rev. Lett. 100, 247002 (2008).

M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101,
107006 (2008).

7J. Dong et al., EPL 83, 27006 (2008).

SE L. Ning, K. Ahilan, T. Imai, A. S. Sefat, M. A. McGuire, B. C.
Sales, D. Mandrus, P. Cheng, B. Shen, and H. H. Wen, Phys.
Rev. Lett. 104, 037001 (2010).

9X. C. Wang et al., Solid State Commun. 148, 538 (2008).

10M. J. Pitcher ez al., Chem. Commun. (Cambridge) 2008, 5918.

1], H. Tapp, Z. Tang, B. Lv, K. Sasmal, B. Lorenz, P. C. W. Chu,
and A. M. Guloy, Phys. Rev. B 78, 060505(R) (2008).

128, Borisenko ef al., Phys. Rev. Lett. 105, 067002 (2010).

3 A. Kordyuk, V. Zabolotnyy, D. Evtushinsky, T. Kim, 1. Moro-
zov, M. Kulic, R. Follath, G. Behr, B. Buechner, and
S. Borisenko, arXiv:1002.3149 (unpublished).

14D. S. Inosov et al., Phys. Rev. Lett. 104, 187001 (2010).

ISH. Ding et al., EPL 83, 47001 (2008).

161, 1. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.
Rev. Lett. 101, 057003 (2008).

7K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani,
and H. Aoki, Phys. Rev. Lett. 101, 087004 (2008).

I8F, Wang, H. Zhai, Y. Ran, A. Vishwanath, and D. H. Lee, Phys.
Rev. Lett. 102, 047005 (2009).

19V, Cvetkovic and Z. Tesanovic, EPL 85, 37002 (2009).

207, J. Yao, J. X. Li, and Z. D. Wang, New J. Phys. 11, 025009
(2009).

21E L. Pratt, P. J. Baker, S. J. Blundell, T. Lancaster, H. J. Lewtas,
P. Adamson, M. J. Pitcher, D. R. Parker, and S. J. Clarke, Phys.
Rev. B 79, 052508 (2009).

22D. J. Singh, Phys. Rev. B 78, 094511 (2008).

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 82, 180501(R) (2010)

231, Nekrasov, Z. Pchelkina, and M. Sadovskii, JETP Lett. 88, 543
(2008).

24Y. F. Li and B. G. Liu, Eur. Phys. J. B 72, 153 (2009).

BT, Miyake, K. Nakamura, R. Arita, and M. Imada, J. Phys. Soc.
Jpn. 79, 044705 (2010).

268, Li, C. de la Cruz, Q. Huang, G. F. Chen, T.-L. Xia, J. L. Luo,
N. L. Wang, and P. Dai, Phys. Rev. B 80, 020504(R) (2009).
2TW. Yu, L. Ma, J. Zhang, G. Chen, T. Xia, S. Zhang, and Y. Hou,

arXiv:1004.3581 (unpublished).

28D. R. Parker, M. J. P. Smith, T. Lancaster, A. J. Steele, 1. Franke,
P. J. Baker, F. L. Pratt, M. J. Pitcher, S. J. Blundell, and S. J.
Clarke, Phys. Rev. Lett. 104, 057007 (2010).

29X, H. Chen, T. Wu, G. Wu, R. H. Liu, H. Chen, and D. F. Fang,
Nature (London) 453, 761 (2008).

307. Ren et al., Chin. Phys. Lett. 25, 2215 (2008).

31H. Chen et al., EPL 85, 17006 (2009).

3P, Jegli¢ et al., Phys. Rev. B 81, 140511(R) (2010).

37. Li et al., J. Phys. Soc. Ipn. 79, 083702 (2010).

34R. Juza and K. Z. Langer, Z. Anorg. Allg. Chem. 361, 58 (1968).

BSK. Kitagawa, N. Katayama, K. Ohgushi, M. Yoshida, and
M. Takigawa, J. Phys. Soc. Jpn. 77, 114709 (2008).

36F. Ning, K. Ahilan, T. Imai, A. S. Sefat, R. Jin, M. A. McGuire,
B. C. Sales, and D. Mandrus, J. Phys. Soc. Jpn. 78, 013711
(2009).

3. Kitagawa, Y. Nakai, T. lIye, K. Ishida, Y. Kamihara,
M. Hirano, and H. Hosono, Phys. Rev. B 81, 212502 (2010).
38 Assuming a similar electric-field gradient on As and Li(2), the
shift of the Li(2) center transition is about 10 kHz with uoH

=12 Tllab and 0 kHz with uoH=12 Tllc.

M. Yashima, H. Nishimura, H. Mukuda, Y. Kitaoka,
K. Miyazawa, P. M. Shirage, K. Kiho, H. Kito, H. Eisaki, and
A. Tyo, J. Phys. Soc. Jpn. 78, 103702 (2009).

40R. Juza, W. Dethlefsen, H. Seidel, and K. V. Benda, Z. Anorg.
Allg. Chem. 356, 253 (1968).

4 The spin-lattice relaxation rate 1/ 75T1 in LiFeAs is close to that
of the stoichiometric NaFeAs, which suggests that overdoping
with Li(2) is unlikely.

180501-4


http://dx.doi.org/10.1038/375561a0
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1051/jphyslet:0198000410409500
http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1103/PhysRevLett.100.247002
http://dx.doi.org/10.1103/PhysRevLett.101.107006
http://dx.doi.org/10.1103/PhysRevLett.101.107006
http://dx.doi.org/10.1209/0295-5075/83/27006
http://dx.doi.org/10.1103/PhysRevLett.104.037001
http://dx.doi.org/10.1103/PhysRevLett.104.037001
http://dx.doi.org/10.1016/j.ssc.2008.09.057
http://dx.doi.org/10.1039/B813153H
http://dx.doi.org/10.1103/PhysRevB.78.060505
http://dx.doi.org/10.1103/PhysRevLett.105.067002
http://arXiv.org/abs/arXiv:1002.3149
http://dx.doi.org/10.1103/PhysRevLett.104.187001
http://dx.doi.org/10.1209/0295-5075/83/47001
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1103/PhysRevLett.101.087004
http://dx.doi.org/10.1103/PhysRevLett.102.047005
http://dx.doi.org/10.1103/PhysRevLett.102.047005
http://dx.doi.org/10.1209/0295-5075/85/37002
http://dx.doi.org/10.1088/1367-2630/11/2/025009
http://dx.doi.org/10.1088/1367-2630/11/2/025009
http://dx.doi.org/10.1103/PhysRevB.79.052508
http://dx.doi.org/10.1103/PhysRevB.79.052508
http://dx.doi.org/10.1103/PhysRevB.78.094511
http://dx.doi.org/10.1134/S0021364008200150
http://dx.doi.org/10.1134/S0021364008200150
http://dx.doi.org/10.1140/epjb/e2009-00338-5
http://dx.doi.org/10.1143/JPSJ.79.044705
http://dx.doi.org/10.1143/JPSJ.79.044705
http://dx.doi.org/10.1103/PhysRevB.80.020504
http://arXiv.org/abs/arXiv:1004.3581
http://dx.doi.org/10.1103/PhysRevLett.104.057007
http://dx.doi.org/10.1038/nature07045
http://dx.doi.org/10.1088/0256-307X/25/6/080
http://dx.doi.org/10.1209/0295-5075/85/17006
http://dx.doi.org/10.1103/PhysRevB.81.140511
http://dx.doi.org/10.1143/JPSJ.79.083702
http://dx.doi.org/10.1002/zaac.19683610107
http://dx.doi.org/10.1143/JPSJ.77.114709
http://dx.doi.org/10.1143/JPSJ.78.013711
http://dx.doi.org/10.1143/JPSJ.78.013711
http://dx.doi.org/10.1103/PhysRevB.81.212502
http://dx.doi.org/10.1143/JPSJ.78.103702
http://dx.doi.org/10.1002/zaac.19683560506
http://dx.doi.org/10.1002/zaac.19683560506

