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obtain Btranfer = 40 kOe/ µ3 . We calculated the q-dependent 1
59 A( q) 12 using Aon-site 

= -139 kOe/ µBand Btranfer = 40 kOe/ µ3 , and present the result in the unfolded first 

Brillouin Zone in Fig. 5.4. In contrast with the case of 1
75 A( q) 12 at the 75 As site in 

Fig. 5.1, the hyperfine form factor 1
59 A( q) 12 at 59 Co site is very small around the zone 

center , i.e. near q = (0 ,0) and the surrounding region (0 < q «Jr/a). 1
59 A(q)l 2 is 

finite at q = ( 7f /a, 0) and peaked at the zone corner q = ( 7f /a , 7f /a). We also confirmed 

that 1
59 A( q) 12 hardly changes even if we take into account the transferred hyperfine 

interaction from the second N.N. Fe/Co sites. 

q a* 
y -1 -1 q a* 

x 

1 

Figure 5.4 Hyperfine form factor 1
59 A( q) 12 at 59Fe sites in the FeAs layer plotted in 

the unfolded first Brillouin Zone. 
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94 CHAPTER 5. DYNAMIC SPIN SUSCEPTIBILITY 

5.4 0.02, 0.04 

We presented the 59Co lineshapes of Ba(Fe1_xCox) 2As2 of x = 0.02, 0.04 and 

0.082 in Fig. 3.5, Fig. 3.6 and Fig. 3.11 , respectively. We measured 59 (1/T1) of the 

59 Co sites in the paramagnetic state at the frequency of the central transition (m = 

0). The recovery curve of the 59 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 t 1 t 
--- = -exp(-28-) + -exp(-15-) + -exp(-6-) +-exp(--). 

Mo 1716 T1 364 T1 44 T1 84 T1 
(5.5) 

where t is the delay time. We show the representative nuclear spin recovery curves 

M(t) after an inversion pulse observed for x = 0.082 in Fig. 5.5. For the ordered 

state below TsDw in x = 0.02 and 0.04 samples, we measure 59 (1/T1) 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 x = 0.04 sample in Fig. 5.6. The 

fits are good even below TsDw. 

We summarize the temperature dependence of 59 (1 / T1T) for x = 0.02, 0.04 

and 0.082 in Fig. 5.7. 59 (1/T1T) decreases roughly linearly with temperature from 

290 K down to "' 150 K for both x = 0.02 and 0.04, and shows qualitatively the 

same behavior as that of the superconducting x = 0.082 sample except near TsDW · 

The continuous suppression of 59 (1 / T1T) with temperature is consistent with that 

observed for 75 (1/T1T) at the 75 As site, i.e. pseudo-gap like behavior. On the other 

hand , l / T1T shows a divergent behavior at TsDw = 100 K for x = 0.02, and 66 K for 

x = 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 TsDw. In the previous section, we already discussed the 
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---280 K 
--100.4 K 
--30.4 K 
-20K 

1 a-s 1 0-4 1 0-3 1 ff 2 

Delay time t (s) 

Figure 5.5 Typical 59 Co nuclear spin recovery curves Jvl(t) after an inversion pulse 
for the 2; = 0.082 sample. Solid curves are appropriate fits to determine 
T1 with the solution of master equation, Eq. 5.5 for I = 7 / 2 . 
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Figure 5.6 Typical 59 Co nuclear spin recovery curves i'vl(t) after an inversion pulse 
for the x = 0.04 sample. Solid curves are the best fits to determine Ti 
with the solution of master equation, Eq. 5.5 for I = 7 / 2. 
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divergent behavior of 75 (l/T1T) at 75 As sites with Bext II c-axis . Therefore, these 

l / T1T data at 59 Co and 75 As provides strong evidence for the critical slowing down 

of spin fluctuations toward a second order SDW transition at TsDw. 

Unlike the case of the 75 As site, the reliable measurement of 59 (1/T1T) be­

low TsDw in lightly Co doped samples was feasible , thanks to the relatively narrow 

lineshape when we apply Bext I/ c. Therefore we can investigate the spin fluctuations 

below TsDw for x = 0.02 and 0.04 through the measurement of 59 (1/T1T). The results 

...-..... ..... 
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Figure 5.7 59 (l/T1T)c at 59 Co sites for x = 0.02 (o) , 0.04 (•) and 0.082 (•). We 
measured T1 at the central transition, as marked by the open arrows in 
Fig. 3.5 and Fig. 3.6. 
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below TsDw in Fig 5.7 show that 59 (1/T1T) 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 139La sites in undoped LaFeAsO (Nakai 

et al. , 2008) and 75 As sites in undoped BaFe2As2 (Kitagawa et al. , 2008, Shirage 

et al. , 2008) is suppressed below TsDw by an order of magnitude or more. The fairly 

large values of 59 (1/ T1T) below TsDw 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 TsDw 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 TsDw. Alternatively, if Co ions suppress the SDW order only in their vicinity, 

the large 59 (1 / T1T) below TsDw may reflect the existence of paramagnetic Fe spins 

nearby. However, this scenario seems somewhat unlikely, because we would observe a 

large distribution of 59 (1/T1) below TsDW · As shown in Fig. 5.6, the fit is good even 

below TsDw and there is no evidence for a large distribution of 59 (1/T1). In passing, 

it is worth noting that the large in-plane resistivity below TsDw 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 l / T1T or .6.Bii1 below TsDW · In the case of lightly doped 

La2-xSrxCu02 with x = 0.016 (Chou et al. , 1993, Cho et al., 1992) , 1/ T1T at 139La 

sites shows additional diverging behavior at a spin freezing temperature , Tsf ,...., 16 K, 

much below T N ,...., 120 K, and the static hyperfine field Bhf shows additional enhance­

ment below Tsf because the ordered moments grow. The spin freezing temperature 

Tsf 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 0.082 

5.5.1 T-dependence of l/T1T 

We now focus our special attention on the dynamic spin susceptibility of the 

superconducting sample x = 0.082 with the optimized Tc = 22 K. We show the 

temperature dependence of the 59Co and 75 As nuclear spin-lattice relaxation rate 

divided by T, 59 (l/T1T) and 75 (1/T1T) measured with Bext II c for the x = 0.082 

sample in Fig. 5.8, and 59 (1/T1) and 75 (1/T1) in Fig. 5.9. 75 •59 (1/T1T) continuously 

decreases from 300 K down to ,....., 100 K, which is nearly identical to that of 75•59 K 

shown in chapter 4 as already discussed in section 5.4. The decrease of 59
•
75 (1/T1T) 

and 59•75 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 59 (1/T1T) with an activation type function, as shown in Fig. 5.8. The best fit yields 

the same magnitude of a gap 6.pc/ks = 560 ± 150 K as that of 59 Kc (6.pc/ks = 560 

± 150 K). 

A closer look at Fig. 5.8 reveals that 75 (1/T1T) displays enhancement with 

decreasing temperature toward Tc, but 59 (1/T1T) becomes constant below 100 K 

down to Tc. The different behavior between 75 (1/T1) and 59 (1/T1) just above Tc can 

be seen more clearly in Fig. 5.9, where 59 (1/T1) scales with T, but 75 (1/T1) does 

not. The origin of the enhancement toward Tc of 75 (1/T1T) 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, Q,....., (7r/a,O). However, 59 (1/T1T) at the 59Co site is obviously insensitive to 
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this residual antiferromagnetic spin fluctuations. There are several possibilities why 

59 Co and 75 As show different behaviors. 
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Figure 5.8 (a) 59 (1/ T1T) (• ) measured with Be:tt II c. The dashed curve is a fit 
to an activation form, 59 (1/T1T) = A + B x exp(-~pc;/k8T) with 
A = 1.0 sec-1 K- 1, B = 4.3 sec-1 K-1, and the magnitude of pseudo-gap 
~Pc/ks = 560 K. (b) Left axis: 75 (1/T1T) of 75 As(O) site(• ); Right axis: 
7.s( l /T1T) of 75As( l ) site (o). Notice that the temperature dependence of 
75 (1/T1T) are same for both As(O) and As(l) sites. 

99 



100 CHAPTER 5. DYNA.MIC SPIN SUSCEPTIBILITY 

First, as we showed in Fig. 5.4, /59 A( q) /2 is very small in the vicinity of q = 

(0,0) (/q/ « 7r/a). If spin fluctuations grow for these small wave vector modes toward 

Tc, 59 (1/T1T) would be insensitive to their growth but 75 (1/T1T) would grow toward Tc 

since /75 A( q)/ 2 is relatively large for /q/ « 7f /a. However, we can safely rule out such a 

possibility of ferromagnetic enhancement, because both 75 K and 59 K are temperature 

independent below 100 K toward Tc . In other words, the difference in the q-dependent 

hyperfine form factor /59 A(q)/ 2 is highly unlikely to account for the distinctive T-
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Figure 5.9 The temperature dependence of the 59Co and 75 As nuclear spin lattice 
relaxation rate 59 (1/T1)(•) and 75 (1/Ti)( •) measured with Bext I/ c. The 
dotted line represents a T-linear behavior of 59 (1/T1). The solid line is a 
fit of 75 (1/11) to exp(-6./knT) with 6. /kn = 42 K. The arrow marks 1~: 
= 16 K in B ext = 7.7 Tesla. 
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dependence of 59 (1/T1T) and 75 (1/T1T) 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, 75 (1/T1T) of As sites at N.N. site 

of Co atoms would be suppressed as well but we found that 75 (1/T1T) of As(l) site 

displays identical enhancement toward Tc as that of As(O) site, as shown in Fig. 5.8. 

Third, we showed in Fig. 1.4 that hole Fermi surfaces are mainly contributed by 

electrons in dxz and dyz orbitals. We note that dxz/ dyz orbitals may have zero 

contributions to the transferred hyperfine coupling, Btransfer, because dxz/ dyz are 

orthogonal to 4s orbitals of Co. If antiferromagnetic spin fluctuations with Q,...., ( 7l" / a,O) 

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 59 (1/T1T) toward Tc. 

5.5.2 1/T1 below Tc 

Next, we turn our attention to the superconducting state below Tc. Our pre­

liminary measurements in Fig. 5.9 show that 59
•
75 (1/T1) continuously decreases below 

Tc 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 59
•
75 (1/T1). First, 

59•
75 (1/T1 ) decreases immediately below Tc 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 l/T1 to show a coherence peak immediately below Tc, 

followed by an exponential temperature dependence at low temperature due to the 

full opening of the isotropic energy gap far below Tc. We tried to fit 75 (1/T1 ) below 

Tc to exp(-!1/ kBT) by assuming that the superconducting energy gap t1 is constant 

below Tc (this assumption is very crude because t1 itself has temperature dependence 
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below Tc) . The best fit yields !J./k3 = 42 K, as shown by the solid line in Fig. 5.9. 

This number is close to what we obtained from the fit of 75 K below Tc in chapter 4. 

6. ,..._, 2.6 kBTc, and is larger than the weak coupling BCS result of !J. = 1.76 kBTc. 

On the other hand, we can see that 59•
75 (1/T1) follows T 3 below Tc down to ,..._, 8 K as 

well, as shown by the dashed line in Fig. 5.9. Our observation of the 59•75 (1/T1) ex: T 3 

behavior without a coherence peak just below Tc 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 Tc 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 YBa2Cu30 6.91 , Imai et al demon­

strated that 63 (1/T1 ) follows T 3 behavior down to rv20 K (rv 0.2 Tc) · Our 1/T1 data 

level off below ,..._, 10 K, which corresponds to as high as rv0.5 Tc . This is typical of 

disorder effects in superconductors. In order to discern exponential and power-law 

behaviors, we need to extend 1/T1 measurements to as low temperature as possible 

(T « Tc) 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 (s±) could explain the absence of a coherence peak and T 3 behavior 

below Tc. 

5.6 Summary 

In this chapter, we presented the measurements of dynamic spin susceptibility 

based on 75
•
59 (1/T1T) for various Co concentrations. We demonstrated that doped Co 

continuously suppresses the SDW ordering temperature TsDw and the magnitude of 

75
•
59 (1/T1T) in the paramagnetic state. We also demonstrated that 75

•
59 (1/T1T) for 
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slightly doped x = 0.02 and 0.04 samples display divergent behavior toward TsDw 

due to the second order SDW phase transition. At the Co doping level of x = 0.082, 

the SDW ordering is completely suppressed, but the residual antiferromagnetic spin 

fluctuations persist and are enhanced toward the superconducting transition temper­

ature Tc = 22 K. Increasing the Co doping level to the overdoped region x = 0.099 

suppresses this residual antiferromagnetic spin fluctuations , and Tc 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(Fe1_xCoxhAs2. 
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Conclusions 

The discovery of iron-based high Tc superconductors with Tc as high as 57 K 

broke down the monopoly of the high Tc 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(Fe1_xCoxhAs2 

(x = 0, 0.02, 0.04, 0.082, 0.099) through the measurement of 75 As and 59Co NMR 

lineshapes, Knight shift, K, and spin-lattice relaxation rate, 1/T 1 , 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 75 As and 59Co NMR lineshapes of Ba(Fe1_xCox)2As2 (x = 0, 0.02 , 0.04 

and 0.082) in the paramagnetic state are consistent with the number of different types 

of 75 As and 59 Co sites expected from the binomial distribution of Co dopants. To be 

more specific, we observed one 75 As site, As(O) , in the undoped parent compound, 
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and two 75 As sites, As(O) and As(l), for x = 0.02, 0.04 and 0.082; we observed only 

one 59 Co site in x = 0.02 and 0.04, but at least three in x = 0.082. 

Below TsDw , the 75 As line splits into two sets due to discrete values of hyperfine 

field B'f.1 = ± 1.32 Tesla for x = 0, but become broad and featureless for lightly 

doped x = 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 Bhf· Furthermore, from the analysis 

of the temperature dependent width of the 59Co NMR lineshape below TsDw for x 

= 0.02 and 0.04, we found that Co doping suppresses not only the magnetic ordering 

temperature TsDw, but also the magnitude of the ordered magnetic moments from 

0.87 µB in x = 0 to 0.55 ± 0.1 µBin x = 0.02 and 0.3 ± 0.1 µBin x = 0.04. 

From the measurement of static magnetic susceptibility of Ba(Fe1-xCox)2As2 

by the Knight shift, we demonstrated that Co doping continuously suppresses 75 K , 

and hence the spin susceptibility Xs, although we can not completely rule out the 

possibilities that 75 Kchem and/or the hyperfine coupling constant Ahl change with Co 

doping as well. K becomes constant below ,....., 100 K down to Tc for the x = 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 Tc 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 Xs ,....., constant and Pab ,....., T . We also 

demonstrated that both 75 Kc and 75 Kab decrease below Tc, and ruled out the p-wave 

superconductivity scenario. 

The measurement of the dynamic spin susceptibility from that of 75
•59 (1/ T1T) 
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at 75 As and 59Co sites for various Co concentrations indicate that Co doping progres­

sively suppresses the magnitude of 75•59 (1/T1T) in the paramagnetic state, and is con­

sistent with the analogous suppression of 75 K. Furthermore, the temperature depen­

dence of 75 •59 (1/T1T) and 75 ,59 Kat both 75 As and 59 Co sites shows that Ba(Fe1_xCox)2As2 

exhibits spin pseudo-gap like behavior down to ,....., 100 K for a broad Co concentration 

range. We also demonstrated that 75
•59 (1/T1T) displays divergent behavior toward 

TsDw for lightly doped x = 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 Tc = 22 K is optimized at the doping level of x 

= 0.082. We observe the enhancement of residual antiferromagnetic spin fluctuations 

below ,....., 100 K in x = 0.082, but the enhancement is suppressed in the overdoped x 

= 0.099, and Tc 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(Fe1-xCox)2As2. 
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