









































































































































































































































































































































94 CHAPTER 5. DYNAMIC SPIN SUSCEPTIBILITY

54 °(1/ZT) for z = 0.02, 0.04

We presented the 5°Co lineshapes of Ba(Fe;_,Co,)3As; of z = 0.02, 0.04 and
0.082 in Fig. 3.5, Fig. 3.6 and Fig. 3.11, respectively. We measured °(1/7}) of the
%9(Co sites in the paramagnetic state at the frequency of the central transition (m =
0). The recovery curve of the *Co nuclear magnetization can be fit to the theoretical

function for the central transition of nuclear spin I = 7/2,

Mo— M(t) 1225 t. 75 ¢t 3 ¢ ¢
- BB Y3 L gl B g gl B Y b g ).

M, 1716 %P (~287) + 3gzeap(=167) + preap(=67) + grezp(—7)
(5.5)

where ¢ is the delay time. We show the representative nuclear spin recovery curves
M(t) after an inversion pulse observed for z = 0.082 in Fig. 5.5. For the ordered
state below Tspw in = 0.02 and 0.04 samples, we measure °(1/7}) at the peak
position of the broad hump, as marked by the arrows in Fig. 3.5 and 3.6. We show
the appropriate fits at different temperatures for the z = 0.04 sample in Fig. 5.6. The

fits are good even below Tspyy .

We summarize the temperature dependence of **(1/717T) for z = 0.02, 0.04
and 0.082 in Fig. 5.7. ®(1/T1T) decreases roughly linearly with temperature from
290 K down to ~ 150 K for both z = 0.02 and 0.04, and shows qualitatively the
same behavior as that of the superconducting x = 0.082 sample except near Tspy .
The continuous suppression of **(1/71T) with temperature is consistent with that
observed for 5(1/T,T) at the ®As site, i.e. pseudo-gap like behavior. On the other
hand, 1/71T shows a divergent behavior at Tspw = 100 K for z = 0.02, and 66 K for
z = 0.04. As explained in Fig. 3.10, these temperatures agree well with the maximum
negative slope observed for in-plane resistivity (Ning et al., 2009a), by which we

defined the temperature of Tspy . In the previous section, we already discussed the
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Figure 5.5 Typical **Co nuclear spin recovery curves M (t) after an inversion pulse
for the 2 = 0.082 sample. Solid curves are appropriate fits to determine
Ty with the solution of master equation, Eq. 5.5 for [ = 7/2.
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Figure 5.6 Typical **Co nuclear spin recovery curves M (t) after an inversion pulse

for the x = 0.04 sample. Solid curves are the best fits to determine T
with the solution of master equation, Eq. 5.5 for I = 7/2.
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96 CHAPTER 5. DYNAMIC SPIN SUSCEPTIBILITY

divergent behavior of "(1/T1T) at ™As sites with B,y || c-axis. Therefore, these
1/T\T data at ®*Co and ®As provides strong evidence for the critical slowing down
of spin fluctuations toward a second order SDW transition at Tspw .

Unlike the case of the ™As site, the reliable measurement of %(1/7,T) be-
low Tspw in lightly Co doped samples was feasible, thanks to the relatively narrow
lineshape when we apply Beg: || ¢. Therefore we can investigate the spin fluctuations

below Tspw for z = 0.02 and 0.04 through the measurement of °(1/7,T). The results

OO 50 100 150 200 250 300

T(K)

Figure 5.7 %°(1/T1T). at *Co sites for = 0.02 (¢), 0.04 (e) and 0.082 (M). We
measured 7} at the central transition, as marked by the open arrows in
Fig. 3.5 and Fig. 3.6.
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below Tspw in Fig 5.7 show that %°(1/T,T) is roughly temperature independent below
~ 50 K, and remains large. This is in remarkable contrast with the case of undoped
parent compounds; We recall that 1/T1T at '3°La sites in undoped LaFeAsO (Nakai
et al., 2008) and "As sites in undoped BaFe,As, (Kitagawa et al., 2008, Shirage
et al., 2008) is suppressed below Tspw by an order of magnitude or more. The fairly
large values of %°(1/T,T) below Tspw suggest that spin fluctuations remain strong
even at the base temperature in the present case. This may be an indication that
Fe 3d spins in some 3d orbitals remain paramagnetic below Tspy as suggested by
Singh et al (Singh, 2008, Sefat et al., 2008b) based on Fermiology. For example, some
3d electrons belonging to electron (hole) Fermi surfaces may remain paramagnetic
below Tspw. Alternatively, if Co ions suppress the SDW order only in their vicinity,
the large *°(1/T1T) below Tspw may reflect the existence of paramagnetic Fe spins
nearby. However, this scenario seems somewhat unlikely, because we would observe a
large distribution of 3°(1/7}) below Tspw. As shown in Fig. 5.6, the fit is good even
below Tspw and there is no evidence for a large distribution of %(1/7}). In passing,
it is worth noting that the large in-plane resistivity below Tspw in the Co-doped
samples (Ahilan et al., 2008a, Ning et al., 2009a) is probably related to these strong

spin fluctuations.

We also emphasize that we find no signature of additional spin freezing at
low temperatures in either 1/77T or AB§, 7 below Tspw. In the case of lightly doped
Lay_,Sr;CuO, with z = 0.016 (Chou et al., 1993, Cho et al., 1992), 1/TiT at ¥La
sites shows additional diverging behavior at a spin freezing temperature, Tss ~ 16 K,
much below Ty ~ 120 K, and the static hyperfine field By shows additional enhance-
ment below T,¢ because the ordered moments grow. The spin freezing temperature
Tss turned out to be related to glassy freezing of spin and charge stripes. Our present

observation is markedly different from the case of the lightly doped cuprates; we found
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no hint of analogous freezing of stripes.

5.5 ™(1/TyT) and **(1/TiT) of x = 0.082

5.5.1 T-dependence of 1/T1T

We now focus our special attention on the dynamic spin susceptibility of the
superconducting sample z = 0.082 with the optimized 7, = 22 K. We show the
temperature dependence of the Co and "As nuclear spin-lattice relaxation rate
divided by T, %°(1/T,T) and ™(1/T,T) measured with B, || ¢ for the z = 0.082
sample in Fig. 5.8, and %°(1/T}) and "(1/T1) in Fig. 5.9. ™% (1/T1T) continuously
decreases from 300 K down to ~ 100 K, which is nearly identical to that of ™K
shown in chapter 4 as already discussed in section 5.4. The decrease of **™(1/T\T")
and %*7 K below 300 K signals the suppression of the low energy spin excitations with
decreasing temperature, i.e. pseudo-gap behavior. We fit the temperature dependence
of °(1/T1T) with an activation type function, as shown in Fig. 5.8. The best fit yields
the same magnitude of a gap Apg/kp = 560 + 150 K as that of K, (Apg/kp = 560
+ 150 K).

A closer look at Fig. 5.8 reveals that "5(1/T71T) displays enhancement with
decreasing temperature toward T,, but **(1/TyT) becomes constant below 100 K
down to T,. The different behavior between ®(1/7}) and 5°(1/T}) just above T, can
be seen more clearly in Fig. 5.9, where %°(1/T}) scales with 7', but "(1/7}) does
not. The origin of the enhancement toward T, of "(1/7,T) has been discussed in
the previous section, and it is the residual antiferromagnetic spin fluctuations from
the spin excitations between the hole and electron Fermi surfaces with momentum

transfers, @ ~ (m/a,0). However, 5(1/T,T) at the ¥Co site is obviously insensitive to
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this residual antiferromagnetic spin fluctuations. There are several possibilities why

59Co and ™ As show different behaviors.
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Figure 5.8 (a) *°(1/7,7) (M) measured with B.,; || ¢. The dashed curve is a fit
to an activation form, %°(1/T\T) = A + B x exp(—Apg/kpgT) with
A =1.0sec 'K, B=4.3sec’'K™!, and the magnitude of pseudo-gap
Apc/kp = 560 K. (b) Left axis: (1/T,T) of ™As(0) site (e); Right axis:
(1/T,T) of ™As(1) site (). Notice that the temperature dependence of
(1/T\T) are same for both As(0) and As(1) sites.

99



100 CHAPTER 5. DYNAMIC SPIN SUSCEPTIBILITY

First, as we showed in Fig. 5.4, [*A(q)|? is very small in the vicinity of q =
(0,0) (lq] < 7/a). If spin fluctuations grow for these small wave vector modes toward
T., %(1/T1T) would be insensitive to their growth but "3(1/7,T) would grow toward T,
since | A(q)|? is relatively large for |q| < 7/a. However, we can safely rule out such a
possibility of ferromagnetic enhancement, because both K and °K are temperature
independent below 100 K toward T,. In other words, the difference in the q-dependent

hyperfine form factor [%°A(q)|? is highly unlikely to account for the distinctive T-

1000

100 |

10 |

1T (sec™)

0.1.

1000

Figure 5.9 The temperature dependence of the **Co and "As nuclear spin lattice
relaxation rate 5(1/7;)(M) and ™(1/7})(e) measured with B, || ¢. The
dotted line represents a T-linear behavior of ®*(1/77). The solid line is a
fit of ™5(1/17) to exp(—A/kpT) with A/kp = 42 K. The arrow marks 7
= 16 K in Bez = 7.7 Tesla.
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dependence of **(1/T,T) and "®(1/T,T) below 100 K. The second scenario is that Co
doping suppresses the growth of antiferromagnetic spin fluctuations locally. However,
this scenario also seems unlikely. In this scenario, "(1/T1T) of As sites at N.N. site
of Co atoms would be suppressed as well but we found that (1/71T) of As(1) site
displays identical enhancement toward T, as that of As(0) site, as shown in Fig. 5.8.
Third, we showed in Fig. 1.4 that hole Fermi surfaces are mainly contributed by
electrons in dyxz and dyz orbitals. We note that dxz/dyz orbitals may have zero
contributions to the transferred hyperfine coupling, Biransfer, because dxz/dyz are
orthogonal to 4s orbitals of Co. If antiferromagnetic spin fluctuations with § ~ (r/a,0)
rely on the excitations between the hole and electron Fermi surfaces, dxz/dyz like
segments of the hole Fermi surfaces to the dxz/dyz like segments of the electron

Fermi surfaces, they may not have a significant contribution to %°(1/7,T") toward 7.

5.5.2 1/T) below T.

Next, we turn our attention to the superconducting state below 7. Our pre-
liminary measurements in Fig. 5.9 show that *7(1/T}) continuously decreases below
T. down to 8 K and then levels off at ~ 4 K. We can gain important information
on the superconducting state from the temperature dependence of 5%7(1/T}). First,
5975(1/Ty) decreases immediately below T, without any increase, i.e., we do not ob-
serve the Hebel-Slichter coherence peak. For a conventional BCS s-wave pairing su-
perconductor, we would expect 1/7) to show a coherence peak immediately below T,
followed by an exponential temperature dependence at low temperature due to the
full opening of the isotropic energy gap far below T,. We tried to fit "3(1/7}) below
T, to exp(—A/kpT) by assuming that the superconducting energy gap A is constant

below T, (this assumption is very crude because A itself has temperature dependence
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below T). The best fit yields A/kp = 42 K, as shown by the solid line in Fig. 5.9.
This number is close to what we obtained from the fit of K below 7, in chapter 4.
A ~ 2.6 kgT., and is larger than the weak coupling BCS result of A = 1.76 kgT..
On the other hand, we can see that 5%7(1/T}) follows T2 below T, down to ~ 8 K as
well, as shown by the dashed line in Fig. 5.9. Our observation of the 5%75(1/T}) oc T3
behavior without a coherence peak just below T is consistent with earlier reports on
other iron-pnictides superconductors (Nakai et al., 2008, Grafe et al., 2008, Matano
et al., 2008, Mukuda et al., 2008), and is qualitatively analogous to that observed
for high T; cuprates with d-wave pairing symmetry (Imai et al., 1988). However, we
should not consider our result in Fig. 5.9 as the evidence for the presence of nodes in
the superconducting order parameter. In the case of YBayCu30Og.9;1, Imai et al demon-
strated that 8(1/73) follows T? behavior down to ~20 K (~ 0.2 T,). Our 1/T; data
level off below ~ 10 K, which corresponds to as high as ~0.5 T,. This is typical of
disorder effects in superconductors. In order to discern exponential and power-law
behaviors, we need to extend 1/T; measurements to as low temperature as possible
(T <« T,) for much cleaner samples. Finally, we should mention that some theoretical
models (Parker et al., 2008, Chubukov et al., 2008) proposed that the extended s-
wave symmetry (s1) could explain the absence of a coherence peak and T3 behavior

below T.

5.6 Summary

In this chapter, we presented the measurements of dynamic spin susceptibility
based on ™5%(1/T1T) for various Co concentrations. We demonstrated that doped Co
continuously suppresses the SDW ordering temperature Tspy and the magnitude of

759(1/T1T) in the paramagnetic state. We also demonstrated that "°°(1/TyT) for
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slightly doped z = 0.02 and 0.04 samples display divergent behavior toward Tspw
due to the second order SDW phase transition. At the Co doping level of z = 0.082,
the SDW ordering is completely suppressed, but the residual antiferromagnetic spin
fluctuations persist and are enhanced toward the superconducting transition temper-
ature T, = 22 K. Increasing the Co doping level to the overdoped region x = 0.099
suppresses this residual antiferromagnetic spin fluctuations, and 7, decreases. We
suggest that the antiferromagnetic spin fluctuations arise from the inter-band spin
excitations between the hole and electron Fermi surfaces, and they play an important

role in the superconducting mechanism of Ba(Fe;_,Co,)2Ass.

103



Chapter 6

Conclusions

The discovery of iron-based high T, superconductors with T, as high as 57 K
broke down the monopoly of the high 7, cuprates. The knowledge of this new family
of superconductors was very limited when we started our research on this topic in the
spring of 2008. After one and half year of intense studies around the world, scientists
already have a much better understanding of these materials, if not the supercon-
ducting mechanism. We undertook a systematic investigation of Ba(Fe;_;Co,)2Asy
(z = 0, 0.02, 0.04, 0.082, 0.099) through the measurement of *As and 3Co NMR
lineshapes, Knight shift, K, and spin-lattice relaxation rate, 1/T;, immediately after
the announcement of its discovery. Our group made significant contributions to the
development of the research fields as reported recently in Physics Today (Day, 2009).
In what follows, we summarize major discoveries and solid conclusions derived from
this thesis.

The As and **Co NMR lineshapes of Ba(Fe;_,Coy)2As, (xz = 0, 0.02, 0.04
and 0.082) in the paramagnetic state are consistent with the number of different types
of ™As and 3°Co sites expected from the binomial distribution of Co dopants. To be

more specific, we observed one "As site, As(0), in the undoped parent compound,
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and two 5As sites, As(0) and As(1), for z = 0.02, 0.04 and 0.082; we observed only
one %°Co site in z = 0.02 and 0.04, but at least three in z = 0.082.

Below Tspw, the 7 As line splits into two sets due to discrete values of hyperfine
field By = £ 1.32 Tesla for z = 0, but become broad and featureless for lightly
doped z = 0.02 and 0.04, indicating that as little as 2 % Co doping transforms the
commensurate SDW ordered ground state of the parent compound into a different
state, most likely an incommensurate SDW ordered state, or a commensurate state
with a large distribution of the hyperfine field Bj¢. Furthermore, from the analysis
of the temperature dependent width of the **Co NMR lineshape below Tspw for =
= 0.02 and 0.04, we found that Co doping suppresses not only the magnetic ordering
temperature Tspw, but also the magnitude of the ordered magnetic moments from
0.87 upinz =0t0 0.55 £ 0.1 pg in z = 0.02 and 0.3 £ 0.1 pp in z = 0.04.

From the measurement of static magnetic susceptibility of Ba(Fe;_;Co,)2As;
by the Knight shift, we demonstrated that Co doping continuously suppresses ™K,
and hence the spin susceptibility ys, although we can not completely rule out the
possibilities that " Kchen, and/or the hyperfine coupling constant A,; change with Co
doping as well. K becomes constant below ~ 100 K down to T, for the z = 0.082
superconducting sample, and we found no evidence for induced localized moments
in the vicinity of Co dopants. This finding is in remarkable contrast with the case
of Zn or Ni doped high 7, cuprates, and suggests that the fundamental physics of
iron-based superconductors is different from that of cuprates. Combined with the
resistivity measurement, we demonstrated that the superconductivity arises from a
novel, non-Fermi liquid electronic state where x; ~ constant and p,, ~ T. We also
demonstrated that both K, and " K,;, decrease below T, and ruled out the p-wave

superconductivity scenario.

The measurement of the dynamic spin susceptibility from that of >%°(1/T,T)
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at As and 3°Co sites for various Co concentrations indicate that Co doping progres-
sively suppresses the magnitude of "%°(1/T,T) in the paramagnetic state, and is con-
sistent with the analogous suppression of K. Furthermore, the temperature depen-
dence of ™%%(1/T,T) and ™%°K at both " As and °Co sites shows that Ba(Fe;_,Co,)oAs,
exhibits spin pseudo-gap like behavior down to ~ 100 K for a broad Co concentration
range. We also demonstrated that ™5°(1/T,T) displays divergent behavior toward
Tspw for lightly doped z = 0.02 and 0.04 samples, indicating the second order mag-
netic phase transition. Further Co doping completely suppresses the SDW ordered
state, and superconductivity with T, = 22 K is optimized at the doping level of z
= 0.082. We observe the enhancement of residual antiferromagnetic spin fluctuations
below ~ 100 K in z = 0.082, but the enhancement is suppressed in the overdoped z
= 0.099, and 7. decreases. We suggest that the antiferromagnetic spin fluctuations
are associated with the inter-band spin excitations between the hole and electron
Fermi surfaces, and they play a crucial role in the superconducting mechanism of

Ba(Fel_zCOx)gASQ.

106




References

Abragam, A. (1961). Principle of Nuclear Magnetism. Oxford Univeristy Press,
Oxford.

Ahilan, K., Balasubramaniam, J., Ning, F., Imai, T., Sefat, A. S., Jin, R., McGuire,
M. A., Sales, B. C., and Mandrus, D. (2008a). J. Phys.: Condens. Matter, 20,
472201.

Ahilan, K., Balasubramaniam, J., Ning, F., Imai, T., Sefat, A. S., Jin, R., McGuire,
M. A,, Sales, B. C., and Mandrus, D. (2009). Phys. Rev. B.

Ahilan, K., Ning, F., Imai, T., Sefat, A. S., Jin, R., McGuire, M. A., Sales, B. C.,
and Mandrus, D. (2008b). Phys. Rev. B(R), 78, 100501.

Allen, P. (1989). Physical properties of high temperature superconductors I. World

Scientific, Singapore.
Aoki, H. (2008). arziv: cond-mat/0811.1656.

Ashcroft, N. W. and Mermin, N. D. (1976). Solid State Physics. Harcourt Brace,
Fort Worth.

Baek, S.-H., Klimczuk, T., Ronning, F., Bauer, E. D., Thompson, J. D., and Curro,
N. J. (2008). Phys. Rev. B, 78, 212509.

107



108 REFERENCES

Bardeen, J., Cooper, L. N., and Schrieffer, J. R. (1957). Phys. Rev., 108, 1175.

Barrett, S. E., Durand, D. J., Pennington, C. H., Slichter, C. P., Friedmann, T. A.,
Rice, J. P, and Ginsberg, D. M. (1990). Phys. Rev. B, 41, 6283.

Baskaran, G. (2003). Phys. Rev. Lett., 91, 097003.
Bednorz, J. G. and Miiller, K. A. (1986). Z. Phys. B, 64, 189.

Bobroff, J., MacFarlane, W. A., Alloul, H., Mendels, P., Blanchard, N., Collin, G.,
and Marucco, J. F. (1999). Phys. Rev. Lett., 83, 4381.

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

Cheng, P., Shen, B., Mu, G., Zhu, X. Y., Han, F., Zeng, B., and Wen, H.-H. (2009).
Europhys. Lett., 85, 67003.

Cho, J. H., Borsa, F., Johonston, D. C., and Torgeson, D. R. (1992). Phys. Rev. B,
46, 3179.

Chou, F. C., Borsa, F., Cho, J. H., Johonston, D. C., Lascialfari, A., Torgeson, D. R.,
and Ziolo, J. (1993). Phys. Rev. Lett., 71, 2323.

Chu, J. H., Analytis, J. G., Kucharczyk, C., and Fisher, I. R. (2009). Phys. Rev. B,
79, 014506.

Chubukov, A., Efremov, D., and Eremin, I. (2008). Phys. Rev. B, 78, 134512.
Day, C. (2009). Physics Today, August, 36.

de la Cruz, C., Huang, Q., Lynn, J. W., Li, J., II, W. R., Zarestky, J. L., Mook, H. A,
Chen, G. F., Luo, J. L., Wang, N. L., and Dai, P. (2008). Nature, 453, 899.

108



Doctor of Philosophy - F.L. Ning 109

Dong, J., Zhang, H. J., Xu, G., Li, Z., Li, G., Hu, W. Z., Wu, D., Chen, G. F., Dai,
X., Luo, J. L., Fang, Z., and Wang, N. L. (2008). Euro. Phys. Lett., 83, 27006.

Freeman, A. J. and Watson, R. E. (1965). Hyperfine Interaction in magnetic Materi-
als, Magnetism I[IA. Edited by G. T. Rado and S. Suhl Academic, New York.

Fukazawa, H., Hirayama, K., Kondo, K., Yamazaki, T., Kohori, Y., Takeshita, N.,
Miyazawa, K., Kito, H., Eisaki, H., and Iyo, A. (2008). J. Phys. Soc. Jpn., 77,
093706.

Fukushima, E. and Roeder, S. B. W. (1981). Ezperimental Pulse NMR, a Nuts and

Bolts Approach. Addison-Wesley Publishing Company.

Fukuzumi, Y., Mizuhashi, K., Takenaka, K., and Uchida, S. (1996). Phys. Rev. Lett.,
76, 684.

Grafe, H. J., Paar, D., Lang, G., Curro, N. J., Behr, G., Werner, J., Hamann-Borrero,
J., Hess, C., Leps, N., Klingeler, R., , and Buechner, B. (2008). Phys. Rev. Lett.,
101, 047003.

Huang, Q., Qiu, Y., Bao, W., Lynn, J. W., Green, M. A., Chen, Y., Wu, T., Wu, G.,
and Chen, X. (2008). Phys. Rev. Lett., 101, 257003.

Hunt, A. W. (2001). Ph.D Thesis, MIT.

Imai, T., Ahilan, K., Ning, F., McGuire, M. A., Sefat, A. S., Jin, R., Sales, B. C.,
and Mandrus, D. (2008). J. Phys. Soc. Jpn. Supplement C., 77, 47.

Imai, T., Ahilan, K., Ning, F., McQueen, T. M., and Cava, R. J. (2009). Phys. Rev.
Lett.

109



110 REFERENCES

Imai, T., Shimizu, T., Yasioka, H., Ueda, Y., and Kosuge., K. (1988). J. Phys. Soc.
Jpn., 57, 2280.

Imai, T., Slichter, C. P., Yoshimura, K., and Kosuge, K. (1993). Phys. Rev. Lett., 70,
1002.

Ishida, K., Kitaoka, Y., Yamazoe, K., Asayama, K., and Yamada, Y. (1996). Phys.
Rev. Lett., 76, 531.

Ishida, K., Yoshida, K., Mito, T., Tokunaga, Y., Kitaoka, Y., Asayama, K., Nakayama,
Y., Shimoyama, J., and Kishio, K. (1998). Phys. Rev. B, 58, R5960.

Jaccarino, V. (1966). Proc. of Int. School of Physics, Enrico Fermi, volume 37.

Academic Press.

Jesche, A., Caroca-Canales, N., Rosner, H., Borrmann, H., Ormeci, A., Kasinathan,
D., Kaneko, K., Klauss, H. H., Luetkens, H., Khasanov, R., Amato, A., Hoser, A.,
Krellner, C., and Geibel, C. (2008). Phys. Rev. B, 78, 180504(B).

Jishi, R. A. and Alyahyaei, H. M. (2008). arziv: cond-mat/0811.2716.
Johnston, D. (1989). Phys. Rev. Lett., 62, 957.

Julien, M.-H., Mayaffre, H., Horvatic, M., Berthier, C., Zhang, X. D., Wu, W., Chen,
G. F., Wang, N. L., and Luo, J. L. (2009). Euro. Phys. Lett., 87, 37001.

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

Kano, M., Kohama, Y., Graf, D., Balakirev, F. F., Sefat, A. S., McGuire, M. A.,
Sales, B. C., Mandrus, D., and Tozer, S. W. (2009). arziv: cond-mat/0904.1418.

110




Doctor of Philosophy - F.L. Ning 111

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

Korringa, J. (1950). Physica, 16, 601.

Laplace, Y., Bobroff, J., Rullier-Albenque, F., Colson, D., and Forget, A. (2009).
arziv: cond-mat/0906.2125.

Lester, C., Chu, J.-H., Analytis, J. G., Capelli, S., Erickson, A. S., Condron, C. L.,
Toney, M. F., Fisher, I. R., and Hayden, S. M. (2009). Phys. Rev. B, 79, 144523.

Liu, C., Kondo, T., Ni, N., Palczewski, A. D., Bostwick, A., Samolyuk, G. D,
Khasanov, R., Shi, M., Rotenberg, E., Budko, S. L., Canfield, P. C., and Kaminski,
A. (2009a). Phys. Rev. Lett., 102, 167004.

Liu, G. D., Liu, H. Y., Zhao, L., Zhang, W. T., Jia, X. W., Meng, J. Q., Dong, X. L.,
Chen, G. F., Wang, G. L., Zhou, Y., Zhu, Y., Wang, X. Y., Xu, Z. Y., Chen, C. T,
and Zhou, X. J. (2009b). arziv: cond-mat/0904.0677.

Luetkens, H., Klauss, H.-H., Kraken, M., Litterst, F. J., Dellmann, T., Klingeler,
R., Hess, C., Khasanov, R., Amato, A., Baines, C., Hamann-Borrero, J., Leps, N,
Kondrat, A., Behr, G., Werner, J., and Buechner, B. (2009). Nature Materials, 8,
305.

Ma, F., Lu, Z. Y., and Xiang, T. (2008). arziv: cond-mat/0806.3526.

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

Malaeb, W., Yoshida, T., Fujimori, A., Kubota, M., Ono, K., Kihou, K., Shirage,
P. M., Kito, H., Iyo, A., Eisaki, H., Nakajima, Y., Tamegai, T., and Arita, R.
(2009). arziv: cond-mat/0906.1846.

111



112 REFERENCES

Matano, K., Ren, Z. A., Dong, X. L., Sun, L. L., Zhao, Z. X., and q. Zheng., G.
(2008). Europhys. Lett., 83, 57001.

Mila, F., Poiblanc, D., and Bruder, C. (1991). Phys. Rev. B, 43, 7891.
Millis, A. J., Hartmut, M., and Pines, D. (1990). Phys. Rev. B, 42, 167.
Moriya, T. (1963). J. Phys. Soc. Jpn., 18, 516.

Mukuda, H., Terasaki, N., Kinouchi, H., Yashima, M., Kitaoka, Y., Suzuki, S.,
Miyasaka, S., Tajima, S., Miyazawa, K., Shirage, P., Kito, H., Eisaki, H., and Lyo,
A. (2008). J. Phys. Soc. Jpn., 77, 093704.

Nagamatsu, J., Nakagawa, N., Muranaka, T., Zenitani, Y., and Akimitsu, J. (2001).
Nature, 410, 63.

Nakai, Y., Ishida, K., Kamihara, Y., Hirano, M., and Hosono, H. (2008). J. Phys.
Soc. Jpn., 77, 073701.

Nekrasov, 1. A., Pchelkina, Z. V., and Sadovskii, M. V. (2008). JETP Letters, 88,
144.

Ni, N., Tillman, M. E., Yan, J.-Q., Kracher, A., Hannahs, S. T., Bud’ko, S. L., and
Canfield, P. C. (2008). Phys. Rev. B, 78, 214515.

Ning, F., Ahilan, K., Imai, T., Sefat, A. S., Jin, R., McGuire, M. A., Sales, B. C,,
and Mandrus, D. (2008). J. Phys. Soc. Jpn., 77, 103705.

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

Ning, F., Ahilan, K., Imai, T., Sefat, A. S., Jin, R., McGuire, M. A., Sales, B. C,,
and Mandrus, D. (2009b). Phys. Rev. B(R), 79, 140506.

112



Doctor of Philosophy - F.L. Ning 113

Ning, F., Ahilan, K., Imai, T., Sefat, A. S., Jin, R., McGuire, M. A., Sales, B. C.,
and Mandrus, D. (2009¢). arziv: cond-mat/0904.1571.

Ning, F., Ahilan, K., Imai, T., Sefat, A. S., McGuire, M. A., Sales, B. C., Mandrus,
D., Cheng, P., Shen, B., and Wen, H. H. (2009d). arziv: cond-mat/0907.3875.

Ong, N. P. (1990). Physical properties of high temperature superconductors II. World

Scientific, Singapore.

Parker, D., Dolgov, O., Korshunov, M., Golubov, A., and Mazin, I. (2008). Phys.
Rev. B, 78, 134524.

Pratt, D. K., Tian, W., Kreyssig, A., Zarestky, J. L., Nandi, S., Ni, N., Bud’ko,
S. L., Canfield, P. C., Goldman, A. I., and McQueeney, R. J. (2009). arziv: cond-
mat/0903.2833.

Ren, Z. A, Che, G. C., Dong, X. L., Yang, J., Lu, W., Yi, W., Shen, X. L., Li, Z. C,,
Sun, L. L., Zhou, F., and Zhao, Z. X. (2008a). Europhys. Lett., 83, 17002.

Ren, Z. A., Lu, W, Yang, J., Yi, W., Shen, X. L., Li, Z. C., Che, G. C., Dong, X. L.,
Sun, L. L., Zhou, F., and Zhao, Z. X. (2008b). Chin. Phys. Lett., 25, 2215.

Ren, Z. A., Yang, J., Lu, W., Yi, W., Che, G. C., Dong, X. L., Sun, L. L., and Zhao,
Z. X. (2008c). Materials Research Innovations, 12, 105.

Rotter, M., Tegel, M., Schellenberg, 1., Hermes, W., Pottgen, R., and Johrendt, D.
(2008). Phys. Rev. B(R), 78, 020503.

Sarrao, J. L., Morales, L. A., Thompson, J. D., Scott, B. L., Stewart, G. R., F, F. W_,
Rebizant, J., Boulet, P., Colineau, E., and Lander, G. H. (2002). Nature, 420, 297.

113



114 REFERENCES

Sefat, A. S., Huq, A., McGuire, M. A., Jin, R. Y., Sales, B. C., and Mandrus, D.
(2008a). Phys. Rev. B, 78, 104505.

Sefat, A. S., Jin, R. Y., McGuire, M. A., Sales, B. C., Singh, D. J., and Mandrus, D.
(2008b). Phys. Rev. Lett., 101, 117004.

Sekiba, Y., Sato, T., Nakayama, K., Terashima, K., Richard, P., Bowen, J. H., Ding,
H., Xu, Y.-M,, Lij, L. J,, Cao, G. H., Xu, Z.-A., and Takahashi, T. (2009). New J.
Phys., 11, 025020.

Shein, I. R. and Ivanovskii, A. L. (2008). JETP LETTERS, 88, 107.

Shirage, P. M., Miyazawa, K., Kito, H., Eisaki, H., and Iyo, A. (2008). Phys. Rev. B,
78, 172503.

Si, Q. M. and Abrahams, E. (2008). Phys. Rev. Lett., 101, 076401.

Singer, P., Imai, T., He, T., Hayward, M. A., and Cava, R. J. (2001). Phys. Rev.
Lett., 87, 257601.

Singer, P. M., Hunt, A. W., and Imai, T. (2002). Phys. Rev. Lett., 88, 047602.

Singer, P. M., Imai, T., Chou, F. C., Hirota, K., Takaba, M., Kakeshita, T., Eisaki,
H., and Uchida, S. (2005). Phys. Rev. B., 72, 014537.

Singh, D. J. (2008). Phys. Rev. B, 78, 094511.
Singh, D. J. and Du, M. H. (2008). Phys. Rev. Lett., 100, 237003.
Slichter, C. P. (1990). Principles of Magnetic Resonance. Springer-Verlag, New York.

Takada, K., Sakurai, H., Takayama-Muromachi, E., Izumi, F., Dilanian, R. A., and
Sasaki, T. (2003). Nature, 422, 53.

114



Doctor of Philosophy - F.L. Ning 115

Takigawa, M., Hammel, P. C., Heffner, R. H., Fisk, Z., Smith, J. L., and Schwartz,
R. (1989). Phys. Rev. B, 39, 300.

Takigawa, M., Reyes, A. P., Hammel, P. C., Thompson, J. D., Heffner, R. H., Fisk,
Z., and Ott, K. C. (1991). Phys. Rev. B, 43, 247.

Tanatar, M. A., Ni, N., Martin, C., Gordon, R. T., Kim, H., Kogan, V. G., Samolyuk,
G. D., Bud’ko, S. L., Canfield, P. C., and Prozorov, R. (2009). Phys. Rev. B, 79,
094507.

Terashima, K., Sekiba, Y., Bowen, J. H., Nakayama, K., Kawahara, T., Sato, T.,
Richard, P., Xu, Y.-M., Li, L. J., Cao, G. H., Xu, Z.-A., Ding, H., and Takahashi,
T. (2008). arziv: cond-mat/0812.3704.

Thurber, K. R., Hunt, A. W., Imai, T., Chou, F. C., and Lee, Y. S. (1997). Phys.
Rev. Lett., 79, 171.

Timusk, T. and Statt, B. W. (1999). Rep. Prog. Phys., 62, 61.

Vilmercati, P., Fedorov, A., Vobornik, I., U., M., Panaccione, G., Goldoni, A., Se-
fat, A. S., McGuire, M. A., Sales, B. C., Jin, R., Mandrus, D., Singh, D. J., and
Mannella, N. (2009). Phys. Rev. B, 79, 220503(R).

Wang, C., Li, L., Chi, S., Zhu, Z. W., Ren, Z., Li, Y. K., Wang, Y. T., Lin, X., Luo,
Y. K., Jiang, S., Xu, X. F., Cao, G. H., and Xu, Z. A. (2008). Europhys. Lett., 83,
67006.

Wang, X. F., Wu, T., Chen, H., Xie, Y. L., Ying, J. J., Liu, Y. J. Y. R. H., and Chen,
X. H. (2009a). Phys. Rev. Lett., 102, 117005.

Wang, X. F., Wu, T., Wu, G., Liu, R. H., Chen, H., Xie, Y. L., and Chen, X. H.
(2009b). New J. Phys., 11, 045003.



116 REFERENCES

White, R. M. (1970). Quantum Theory of Magnetism. McGraw-Hill, New York.

Yang, L. X., Zhang, Y., Ou, H. W., Zhao, J. F., Shen, D. W., Zhou, B., Wei, J., Chen,
F., Xu, M., He, C., Chen, Y., Wang, Z. D., Wang, X. F., Wu, T., Wu, G., Chen,
X. H., Arita, M., Shimada, K., Taniguchi, M., Lu, Z. Y., Xiang, T., and Feng, D. L.
(2009). Phys. Rev. Lett., 102, 107002.

Yannoni, C. S., Johnson, R. D., Meijer, G., Bethune, D. S., and Salem, J. R. (1991).
J. Phys. Chem., 95, 9.

Yi, M., Lu, D. H., Analytis, J. G., Chu, J.-H., Mo, S.-K., He, R.-H., Zhou, X. J.,
Chen, G. F., Luo, J. L., Wang, N. L., Hussain, Z., Singh, D. J., Fisher, . R., and
Shen, Z.-X. (2009). Phys. Rev. B, 80, 024515.

Yildirim, T. (2008). Phys. Rev. Letts., 101, 057010.

Yin, Y., Zech, M., Williams, T. L., Wang, X. F., Wu, G., Chen, X. H., and Hoffman,
J. E. (2009). Phys. Rev. Lett., 102, 097002.

Yosida, K. (1958). Phys. Rewv., 110, 769.

Zhang, G. M., Su, Y. H., Lu, Z. Y., Weng, Z. Y., Lee, D. H., and Xiang, T. (2009).
Europhys. Lett., 86, 37006.

116





