
































































Chapter 3. Results and Discussion 



































































3. 4. Spectroscopy of UPd2AI3 

3. 4. 2. 1. Introduction 

A heavy fermion superconductor UPd2A13 has the N馥l temperature of 14 K 

and shows the superconducting ordered state below 2 K [3.4.2.1]. The saturated 

magnetic moment is 0.85 !-1B / U. The electronic specific-heat coefficient is 145 mJ / 

K:!. This compound is a typical heavy fermion superconductor whose magnetic 

ordering coexi sts with superconductivity. Figure 3.4.2. 1. shows the crystal and 

magnetic structure ofUPd2A13. The results ofN1v1R spectroscopy suggest the parity of 

its superconducting is the d-wave type [3.4.2.2-7]. From the the results for 

neutron scattering experiments, the magnetic peak has an anomaly at the onset 

temperature of its superconducting transition This phenomenon was 

observed in the other heavy fermion superconductor, UPt3 [3 .4.2 .13] , URu:!Si2 [3.4.2.14] 

and UNi2A13 [3.4.2.15]. 1n the neutron inelastic spectrum of scattenng 

excitation appears below the transition temperature which is due to the energy gap of its 

superconductivity. These results suggest that their superconductivity has the relation 

to their magnetic properties 

On the other hand , the electronic resistivity and magnetic susceptibility 

measurements have the broader K and 30 K, respectively [3.4.2.1]. The 

magnetic susceptibility obeyed the Curie-Weiss law above 100 K. The Weiss 

temperature and magnitude of the effective moment are -47 K and / 

metamagnetic transition was observed at 18 T below the N馥l temperature [3.4.2.16] 

Even above N馥l temperature, the metamagnetic transition was observed. lt was 

observed up to the temperature where the magnetic susceptibility has a maximum value 

[3.4.2.17] 

The M�sbauer spectroscopy has been performed in order to investigate the 

physical properties , mainly magnetic properties 

3. 4. 2. 2. Experimental Procedure 

A single crystal of UPd2Al3 was grown by the Czochralski pulling method in a 

tetra-arc farce and annealed using the solid-state electrotransport method under va.cuum 

of 10-111 torr [3.4.2.18]. lt was powdered in argon gas atmosphere and sealed into the 
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sample holder made of aluminum. The gamma-ray source used for the 23SU M�sbauer 

spectroscopy was a Pu�2 source which contains 99.99 010 :!4:!PU. The 23SU M�sbauer 

measurement was performed in a transmission geometry. The Doppler velocity of the 

gamma-ray source was given with the sinusoidal motion. The Doppler velocity was 

calibrated with a laser calibrator. The isomer shift of 23SU in Pu�2 was adopted to the 

zero isomer 

3. 4. 2. 3. Results and Discussion 

Figure 3.4.2.2 shows the 23SU M�sbauer spectra obtained from the UPd2A13 

specimen at various temperatures. The line-width observed is obviously broad below 

10 K and aIl of the spectra obtained are symmetric These results show the obtained 

spectra do not include the quadrupole interaction or its magnitude is too small to be 

detected by 23XU M�sbauer spectroscopy, as discussed in Section 3.3. Since the N馥l 

temperature of UPd2A13 is 14 line broadening is thought to be due to the 

appearence of the hyperfine magnetic field with the magnetic ordering. 1n order to 

determine the temperature dependence of the M�sbauer parameters in more detail, the 

results from the analysis of the spectra with a single peak is discussed 

Figure 3.4.2.3 shows the temperature dependence of the full width at half 

maximum and resonance absorption area of the 23SU M�sbauer spectra where 

the spectra are analyzed with a single Lorentzian function. The absorption area 

increases monotonously with decreasing the temperature. The results obtained are 

fitted by the Debye model as shown in Fig. 3.4.2.3 

The values of do not show simple temperature dependence As 

written obvious broadening below N馥l temperature is thought to be caused 

by the appearance of the hyperfine magnetic the temperature 

dependence of seems to have the maximum around 50 K. the 

temperature dependence around 50 K is discussed. 

The thickness of the used source was about and the fractional 

abundance of 23SU was adequately small because of the very long half-life of :!42pU, 3.76 

x 105 years. Since the effective thickness of 23RU M�sbauer resonance is small, the 

self-absorption in the source can be neglected. As shown in Eq.(2.1.17), transmission 

spectrum by the combination of gamma-ray source and the absorber is thus expressed 
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by 

rrr fsfs 1 /2)2 I.Jr 
+ 14 
2rr (E -E())+(fs 1 (E -Eor /2r 1--

(3.4.2.1) 

Since the depends on the temperature and is proportionate 

to the strength of the resonant absorption, the temperature dependence of the observed 

in the single peak spectrum, which include neither magnetic splitting nor 

quadrupole splitting, depends on the change in [3.4.2.19]. 

is thus related to the absorption area if the spectra above N馥l temperature consist of 

single peak without any hyperfine interactions. In this temperature 

dependence of the observed above N馥l temperature must increase 

monotonously as a decrease of temperature such as that of absorption Eq 

(3.4.2.1). In fact , temperature dependence of seems to possess a maximum 

around 30 K. is not appropriate to analyze each spectrum with a single 

with a magnetic splitting or quadrupole splitting However, 

all the spectra observed in UPd2A13 are symmetric so that the quadrupole 

splitting is treated as the negligibly small contribution to the line broadening as 

discussed in Section 3.3 

The is related to the absorption area. When the effective 

thickness t eJ} ( is small , Eq. (2.1.18) can be abbreviated and the absorption 

area is given by 

A = J {N() - (3.4.2.2) 

where is the background. The is the probability of zero-phonon 

emission and absorption of the gamma-ray from the lattice and is given by 

(3423) 

as written above Eq. (2.1.13). The Debye temperature oC!3l�U in Pu�2 is determined as 

250 K as discussed in Section 3.1. By using this Debye temperature of Pu02, we 

determined the Debye temperature of UPd2A13 as K by fitting the data of the 

absorption area with Eq. (3.4.2.3) and the results obtained is shown by the solid line in 
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Fig. 3.4.2.3 

Since the N馥l temperature of is 14 K , it is difficult to consider the 

hyperfine magnetic field due to the magnetic ordering exists above N馥l temperature. 

As discussed above, the line-broadening around 30 K must be thought to be caused by 

some hyperfine interactﾎons 

Since the spectra obtained are symmetric as written above, the lineｭ

broadening the magnetic hyperfine interaction. Above the N馥l 

temperature of 14 K, UPd2A13 is paramagnetic. Therefore , the hyperfine magnetic 

field observed around 30 K is thought to be caused by the paramagnetic relaxation 

phenomenon 

The temperature of 30 K where the magnitude of has a maximum 

above N馥l temperature , corresponds to the one that the temperature dependence of the 

magnetic susceptibility has a peak [3.4.2.20]. In the elastic neutron scattering, 

however, the magnetic ordering was not observed in this temperature range. These 

results might be explained as follows: A M�sbauer can detect phenomena in the 

time scale more than the life-time of the excited state in the M�sbauer transition. In 

the M�sbauer life-time of the excited state is very short one, 0.21 ns, so 

that the change of the state can be detected as a static state in several times more than 

the life time. The temperature with the maximum value of the magnetic susceptibility 

might mean the line-broadening observed around 30 K is due to paramagnetic 

relaxation phenomenon. The line broadening observed might be caused by the 

appearance of the hyperfine magnetic field. The observation of the hyperfine magnet兤 

field around 30 K SUQQests some fluctuation exists and the static magnetic '-4J. _" '-" -L1Io.. "-''-J A .l.a......, ................0 

ordering does not 

The reason why the observation phenomenon is due to a paramagnetic 

relaxation is as follows: The M�sbauer spectra observed as relaxation 

are reported in the case of many spectra in actinide [3.4 .2.21] , cannot 

determine both the relaxation time and the magnitude of the hyperfine magnetic field in 

this case [3.4.2.22]. It is the reason the exchange energy due to the magnetic 

interaction and relaxation time between each state have the uncertainty relation each 

other [3.4.223-24]. Moreover , the poor energy resolution of 23SU 

spectroscopy is prevented from detection ofthe exact physical value. These results are 
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thought to indicate the f1uctuation of the magnetic interaction in this temperature range, 

but cannot give the exact relaxation time and magnitude of the hyperfine magnetic 

fields 

The origin of the line broadening above N馥l temperature is discussed. The 

temperature dependence of the apparent is the same as that of the magnetic 

susceptibility, as written above. 1n the 4f-electron systems such as cerium 

the maximum of the magnetic susceptibility is explained with the relation to the Kondo 

effect. 1n the case of uranium compounds, the maximum of the magnetic susceptibility 

does not necessarily indicate the direct relation to the Kondo effect, but this 

phenomenon is characteristic of the Kondo effect. Namely, the temperature where the 

temperature dependence of the magnetic susceptibility has maximum value is related to 

the one of the appearance of the heavy fermion which plays an role of the 

superconductivity. 1n another temperature of this line-broadening 

corresponds to the upper-limit temperature of the observation of the metamagnetic 

transition [3.4.2.17]. The temperature where the metamagnetic transition vanishes and 

the temperature dependence of the magnetic susceptibility has maximum is thought to 

be related to appearance of the heavy fermion. Therefore, the temperature of 30 K 

might be related to the appearance of the heavy fermion 

Secondary, the hyperfine magnetic field below the N馥l temperature is 

discussed. Since the magnitude of the magnetic splitting obtained by the spectrumｭ

analysis with the non-constrained is larger than that of the magnetic 

splitting, as written in Section 3.3. The are related to the absorption area. 

The temperature dependence of the area ratio does not almost change below 20 K. 

These results mean that the does not change below 20 K. 1n this 

temperature, UPd:;Al3 is paramagnetic. The spectra obtained at 20 K is a single peak 

spectrum because the apparent does not almost change between 15 K and 20 K 

within the experimental error. The spectra below the N馥l temperature were thus 

analyzed with the least-square fit using the value ofFWHM: at 20 K, mm S.l 

The magnitude of the hyperfine magnetic field at 5.1 K is T obtained with the 

spectrum analysis ofthe constrained FWHM using that of20 K. Figure 3.4.2.3 shows 

the temperature dependence of the hyperfine magnetic field of UPd:;A13 below the N馥l 

temperature. The magnitude of the hyperfine magnetic field increases steeply with 
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decreasing temperature. This dependence of the hyperfine magnetic field 

is same as that of the magnetic moment obtained by the neutron elastic scattering 

[3.4.2.25]. These results show the hyperfine coupling constant of nucleus might 

be constant in Since the of the saturated moment of 

UPd:;A13 at uranium atoms is 0.85 1-18 , that ofthe hyperfine coupling constant is 

This result obtained in UPd:;A13 is nearly equal to in UGe2 

3.4.2.4. Conclusion 

The the 23RU M�sbauer spectroscopy of UPd:;A13 indicate the 

broadened spectra have the magnetic splitting around 50 K and below 14 K. The 

magnetic splitting around 50 K is thought to be the appearance of the magnetic 

f1uctuation. The temperature where the temperature dependence of has 

maximum almost corresponds to the maximum of the magnetic susceptibility and the 

upper limit temperature of the observation of the metamagnetic transition of UPd:;A13 

These phenomena are thought to be related to the appearance ofthe heavy fermion 

The magnetic splitting below 14 K was due to the antiferromagnetic ordered 

state whose the N馥l temperature is 14 K. The magnitude of the hyperfine magnetic 

at :;3XU in at 5.1 K is T. The hyperfine coupling constant of 

UPd:;A13 is T and nearly equal to that ofUGe:; 
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3. 4. 3. 238U M�sbauer Spectroscopy of URu2Si2 

3. 4. 3. 1. Introduction 

URu:;Si:; is known as a heavy fermion superconductor which has the 

order below = 17.5 K and show the superconductivity below 

1.3 K. Its electric coefficient and the Debye temperature were 

determined previously and reported to be 180 mJ / K:: mol and 312 K , respectively 

[3.4.3.21]. At the transition temperature of 17.5 K, some anomalies were obviously 

observed in the electrical resistivity and specific heat measurements , claiming that a 

spin density wave is formed below T." like as in Cr [3.4.3.1-4]. The magnetic moment 

ofURu]Si] in the antiferromagnetic state is very small and is reported to be 0.03 IlB / U 

[3.4.3.5]. 1n order to explain this small magnetic moment in the antiferromagnetic 

state, it has been discussed whether this transition is due to the antiferromagnetic 

ordering or quadrupole ordering transition which induces the antiferromagnetic ordered 

crystal and magnetic structures have been determined as shown in Fig 

3.4.3.1 

The uran咊m atoms in an itinerant ferromagnet UFe:: have also been to 

have a small magnetic moment / U in its magnetic ordered state as written in 

Section 3.2 [3.4.3.6]. 1n the case of UFe::, it has been proposed that uranium atom's 

spin and orbital moments cancel each other [3.4.3.6-8]. However, there is no direct 

evidence to expla匤 the origin of the small moment experimentally. For example, the 

hyperfine magnetic field at U nuclei in UFe] has not been observed in the ferromagnetic 

ordered state by using spectroscopy as discussed in Section 3.2, 

although the contribution to the hyperfine magnetic field are different for the or1bital 

current and the core 

The 23RU M�sbauer may enable to know whether the small 

magnetic moment of URu]Si:; is intrinsically small or not , by considering the hyperfine 

coupling constants for the core polarization and for the orbital 1n this work, 

the M�sbauer spectroscopy of URu]Si:: has been performed for the first time in 

order to investigate its magnetic properties and local electronic state of uranium atoms. 
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3. 4. 3. 2. Experimental Procedure 

The sample preparation and M�sbauer measurements of URu]Si] have 

been performed in the same way ofUPd]A13 as follows. A single crystal ofURu]Si:: was 

grown by the Czochralski pulling method in a tetra arc furnace and was annealed using 

a solid-state electrotransport method under the high vacuum of 10-10 Torr [3.4.3.9-10]. 1t 

was powdered in argon gas atmosphere and sealed into the sample holder made of 

aluminum. The gamma-ray source used for the ::3RU M�sbauer spectroscopy was a 

PuO:: source which contains 99.99 % ]42PU. The gamma-ray source was driven with 

sinusoidal motion. The Doppler velocity was calibrated with a laser calibrator. The zero 

isomer is adopted to that in 

3. 4. 3. 3. Results and Discussion 

Figure 3.4.3.2 shows M�sbauer spectra at various temperatures Each 

spectrum seems to be a single and symmetric peak The observation of the 

symmetric spectra indicates the quadrupole splitting is small enough to be neglected , as 

discussed in previous sections. The obtained spectra seem to be independent on the 

temperature. 1n order to investigate the temperature dependence of the spectra in 

detail , the spectrum-analysis has been performed in the same way of UPd::AI3 as 

follows. 

Figure 3.4.3.3 shows the temperature dependence of the full-width at half 

maximum and the absorption area of the ::3RU Mossbauer spectra where all the 

spectra were analyzed with a single Lorentzi<in function. The absorption area 

increases monotonously with a decrease of the temperature. On the other hand, 

does not show the simple temperature dependence like that of the absorption 

area. The temperature dependence of has the maximum around 50 K 

As discussed in previous section, the thickness of the source used was thin 

enough to neglect the self-absorption in the source; in this case, the transmission 

absorption spectrum is expressed by 

1 teff (rA /2)] I 

-'-rl (E-Eor 1---

(3.4.3.1) 
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The depends on the temperature, and the effective thickness of 

the absorber, also depends on the temperature because of its including 

the recoil free fraction of absorber. The observed thus depends on the recoillｭ

that is, the strength of the resonance absorption. Therefore, the 

temperature dependence of without any hyperfine interaction may have 

proportionality to the temperature dependence of the absorption area. Since the 

observed s does not show monotonous the increase of might be due to 

the temperature induced hyperfine interaction like a slow relaxation of the magnet:ic 

f1uctuation with a decrease of the temperature, the spectra obtained include the 

paramagnetic relaxation phenomena. Moreover, since all of the observed spectra are 

the symmetric the hyperfine interaction detected by 23RU 

spectroscopy is mainly the magnetic one as discussed in Section 3.3 and 3.4.2. The 

temperature dependence of has a maximum around 50 K and increase a little 

below ] 0 K. Therefore, the spectra around 50 K and below 10 K were analyzed with a 

magnetically split 

The fraction is related to the absorption area. When the effecti ve 

thickness teJ} is small , Eq. (2.1.18) can be abbreviated and the absorption area is given 

by 

A = f {N() - (3.4.3.2) 

where N() is background. The is the probability of zero-phonon 

emission and absorption in the lattice and given by 

(3.4.3.3) 

as written previously as Eq. (2.1.13). The Debye temperature of 23SU in Pu02 is 

determined to be 250 K as discussed in Section 3.1. By using this Debye temperature 

of Pu02, we determined the Debye temperature of 23SU in URu}Si2 as 

fit with Eq. (3.4.2.3) to the data of the absorption area, as shown in Fig. 3.4.2.3. The 

Debye temperature obtained with the M�sbauer measurements is smaller than the one 

by the specific heat measurement [3.4.3.1]. The former is the local Debye temperature 

at uranium atoms, and the latter is the whole lattice of a URu}Si} bulk. The difference 

between them is thought to depend on whether the Debye temperature was obtained in 

the local site or not 

Anyhow, the temperature dependence of the absorption area can be interpreted 

by using a single value of the Debye temperature. This result indicates that the 

phonon spectrum of URu}Si2 does not change in the temperature range between 5.1 K 

and 200 K. If the quadrupole ordering exist in this temperature range, the softening of 

the elastic constant can be observed. The elastic constant is generally related to the 

recoil-free fraction. This phenomenon can thus be observed in the change of the 

strength of the absorption area. the temperature dependence of the 

absorption area was described as the only Debye temperature, the quadrupole ordering 

is not thought to exist in the temperature range where }3RU M�sbauer spectroscopy has 

been performed. 

Since the temperature dependence of the absorption area changes continuously, 

the behaviors of FWHM around 50 K and below 10 K are thought to be caused by the 

appearance of the hyperfine magnetic field due to the paramagnetic relaxation Firstly , 

the behavior ofFWHM around 50 K is discussed 

As written above, the N馥l temperature of URu}Si} is 17.5 K. The observed 

hyperfine magnetic field is thus not related to the magnetic ordering. On the other 

hand, the temperature dependence of the magnetic susceptibility has a maximum 

around thi s temperature [3.4.3. 1 same as UPd2A13 [3.4.3.11]. 1ts metamagnetic 

transition was also observed up to this temperature [3.4.3.12]. As discussed above, 

this phenomenon is the same as the one observed in UPd}AI3 around 30 K. Therefore, 

its behavior around 50 K is also thought to be related to the appearance of the heavy 

fermion , and to be the common phenomenon for the heavy fermion superconductor 

behavior of below 10 K is discussed. The 

the temperature dependence of the in URu2Si2 suggest the 

quadrupole ordering does not induce ordering. The and 

absorption area do not change between 10 K and 30 K exceeding the experimental error, 

but the increases and the absorption area decreases slightly below 10 K. 

These results indicate is broadened that the decrease of the 

absorption area might be caused by the spectrum analysis with the substitution of a 

single Lorentzian function from the magnetic Since the obtained spectra were 



symmetnc ones, the line broadening below 10 K are thought to be the well overlapped 

magnehc pattern 

Since the magnetic pattern below 10 K consists of superposed five resonance 

lines, in spectrum analysis of these spectra the least-square fitting could not be available 

usmg non-constrained [3.4.3.13]. We analyzed the spectra below the N馥l 

temperature, 17.5 K, with the magnetic pattern although the obvious broadened spectra 

were not observed at 10 K and 15 K. The recoil- is nearly equal at 10 K 

and 25 K. URu2Si:! is a paramagnetic at 25 K. The spectrum at 25 K is thought to be 

a single line one because of its symmetry. The spectra below the N馥l temperature 

were thus analyzed by the least-square fit using the value ofFWHM at 25 1.8 

mm S-l The spectrum at 5 2 K has the magnitude of the hyperfine field at are 90 

T, using gcx = 0.25 determined in this work 

Figure 4 shows the temperature dependence of the hyperfine fields obtained for 

URu2Si:;. The magnitudes of the hyperfine field at 10 K and 15 K were thought to be 

comparable to the lower limit of the hyperfine field detected by 23SU M�sbauer 

spectroscopy, because the lower limited value of the hyperfine field in 23RU M�sbauer 

spectroscopy is about 30 T [3.4.3.14]. The magnitude ofthe saturated hyperfine field 

at 0 K is estimated at about T 

The obtained values of the hyperfine magnetic field below N馥l temperature was 

extremely large compared with the value which was the magnitude of 

the magnetic moment of URu2Si2, The hyperfine coupling constants of 23RU 

nuclei obtained in his work are T I IJ.B in U02 and T in UGe2 and 

UPd2Al3, respectively. 1f the hyperfine coupling constant of URu2Si:; is equal to the 

other uranium compounds measured in this work, U02, UGe2 and UPd:;A13" the 

magnitude of the expected hyperfine magnetic field is between 4 T and 5 T. The 

lower limited value of the hyperfine magnetic field is about 30 T in 23RU M�sbauer 

spectroscopy. [3.4.3.13] 1n the consideration for the lower limited value of the 

hyperfine field observed with 23SU M�sbauer spectroscopy, such small hyperfine field 

was not detectable. Therefore, the origin of the observed hyperfine field of URu2Si2 

must be thought to be different from the other uranium compounds 
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Generally the contributions to the magnetic hyperfine core 

polarization and orbital current were different. 1n non-relativistic theory as shown in 

Chapter II, the contribution of the orbital current, represented by 

-3)m J , (3.4.3.4) 

where (JIINIIJ) is a reduced matrix N S> i f R111 the

angular magnetic momentum, SI the spin momentum, mJ is the azimuthal number 

connected with quantum mechanical 1 the wave 

functions of the open shell electrons. Borb mJ On 

the other hand the core polarization field , Bcor<!, in non-relativistic theory is given by 

7lJ1BiL: (0) -P;s (0)] , (3.4.3.5) 
n 

where Pn.,(O) or P:.,.( O) are the contact density of s-electrons of the n-th shell having 

spin up or spin down and S the net spin of the open-shell electrons. Therefore the 

contribution of the orbital current depends on the quantum number J , approximately 

Although the hyperfine coupling constants of UO:;, UGe:; and UPd}A13 

to each of URu:;Si:: is extremely different. This result suggest 

that the configurat�n of uranium atoms might be different from that of the other 

compounds whose hyperfine fields are proportionate to their magnetic moment. In 

this can be proposed that the contribution of the core polarizat�n or Fermi 

contact interaction to the hyperfine magnetic field is larger than that of the orbital 

current. Therefore, the results of :;3RU M�sbauer spectroscopy might indicate that the 

orbital and spin moments of URu2Si:! whose magnitude is large enough cancel each 

other. This result corresponds to the proposal of the band calculation [3 .4 .3.15], and 

can explain the anomaly of the electrical resistivity and specific heat measurement at 

17.5 K 

3.4.3.4. Conclusion 

The 23SU M�sbauer spectroscopy of URu:;Si:; indicate that the 

obtained broadened spectra have the magnetic splitting around 50 K and beIow 10 K 

The magnetic splitting observed around 100 K might be caused by the appearance of 
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the heavy fermions , in the consideration for the results of the metamagnetic transition 

and magnetic susceptibility measurement 

The magnetic splitting observed below 10 K was due to the antiferromagnetic 

ordering. The magnitude of the hyperfine field of URu:2Si} at 5.2 K is 90 :1:: 20 T. The 

hyperfine coupling constant ofURu}Si} is thus about 20 times lager than the one ofUO} 

The origin of the hyperfine field is thought to be that of the other 

compounds in this work, U02, UGe} and UPd}A13. The temperature dependence of the 

absorption area between 5.1 K and 200 K is fitted by the Debye model of the only 

Debye temperature and cannot show the anomaly at 17.5 K. These result suggests the 

phase transition at 17.5 K is the simple antiferromagnetic ordering the 

anomalies of the electrical resistivity and specific heat measurement at that temperature 

are related to the adequate large spin and orbital moments 

0.95701 nm 

0.41288 nm 

U Si 

Fig. 3.4.3.1. Crystal and Magnetic Structure of 







3. 4. 4. Conclusion 

From the results of the :mU M�sbauer measurements of heavy fermion 

superconductors, UPd::A13 and physical properties were revealed as 

follows 

The hyperfine magnetic fields in a paramagnetic state of both UPd2Al3 and 

URu2Si:: were observed. It is suggested that the observed hyperfine field is caused by 

the paramagnetic relaxation at uranium nucleus. They appeared around the 

temperature where the magnetic susceptibility has a maximum value each other 

These temperatures to show the maximum values are agreed also with the upper-limits 

temperature to show the metamagnetic transition by the externally appIied magnetic 

field This common phenomenon observed for UPd2A13 and URu::Si2 is thought to be 

the characteristic of the heavy fermion superconductor. This phenomenon is 

related to the appearance of a heavy fermion which plays an important role for their 

superconductivity 

In UPd2A13, the hyperfine magnetic field is observed below N馥l temperature 

of 14 K. The magnitude ofthe hyperfine magnetic field is T at 5. 1 K. The 

hyperfine coupling constant obtained for UPd1A13 is 160 :I:: 10 T which agrees with that 

ofUGe, . 

In URu:: Si:: , the hyperfine magnetic field is also observed below N馥l 

temperature of 17.5 K, although the magnitude of the saturated magnetic moment is 

quite small as The magnitude of the hyperfine magnetic field obtained at 5.2 

K is T. The observation of the hyperfine magnetic field is thought to be 

ref1ected by the difference of hyperfine coupling constants between the orbital current 

and the core polarization. This result suggests that the small saturated moment 﨎 

caused by the antiparallel coupling between the spin and the orbital moments. The 

spin and the orbital moments are thought to have finite The 

obvious anomalies observed in the specific heat and the electrical resistivity 

measurements ofURu::Si:: might be eXplained using this model 
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Chapter 4. Conclusion 



The 23f.:U and 57F e M�sbauer measurements have been performed for the 

uranium intermetaIlic compounds in order to investigate their local electronic 

mainly their magnetic The materials, which were studied by the M�sbauer 

effect, are an antiferromagnetic compound of UO:; , itinerant ferromagnetic compounds 

ofUFe:; and UGe2, a Pauli-paramagnetic compound showing superconductivity ofUóFe, 

and heavy fermion superconductors ofUPd:;A13 and URu:;Si:; 

In order to determine the g-factor of the first excited state of 23 l:U , 238U 

M�sbauer and 2.:;5U NMR measurements have been performed for UO:;. 57Fe 

M�sbauer measurements have been performed for U-Fe intermetallic compounds of 

UFe2 and U�Fe. 23SU M�sbauer measurements have been performed for itinerant 

ferromagnetic compounds of UFe2 and UGe:;, and for heavy fermion superconductors of 

and 

The nuclear magnetic moment of the first excited state of 23SU has been not yet 

reported except for the theoretical value, which is an important parameter as a coupling 

constant to determine the hyperfine magnetic field at 23f.:U nucleus. The hyperfine 

magnetic field is important to discuss the magnetic properties by using the M�sbauer 

and NMR measurement In this work_ the 23RU and the :;35U 

measurements ofU02 in its antiferromagnetic ordered state have been performed. The 

magnitude ofthe hyperfine magnetic field has been already determined as T 

by the 23:'U measurements. The magnitude of the nuclear Zeeman splitting of 

M�sbauer spectrum is determined as X 10-6 eV. From these results, 

the nuclear magnetic moment of the first excited state of 23>lU is determined as 

In U-Fe intermetallic compounds, the isomer shift values obtained by the 57Fe 

M�sbauer spectroscopy are smaller than 0 mm S.1 relative at room 

These results show the hybridization between 3d-and 5f-electrons exists in UFe2 and 

U�Fe. The hyperfine coupling constant ofUFe2 is much smaller than that of It 

shows the strong hybridization exists between 3d-and The origin of the 

electric field gradient of 57Fe in U�Fe was determined as the orbital electrons 

from the 57Fe M�sbauer measurements under the externally applied field 

The the M�sbauer measurements of UFe:; show no hyperfine 



magnetic field exists at :;3XU nucleus. This suggests that the uranium atoms in UF e:; 

have no magnetic moments although the spin and orbital moments of uranium atoms 

were proposed to be coupled antiparallel by the neutron scattering and the magnetic 

Compton expenments 

The hyperfine magnetic field at :;3RU nucleus in the itinerant ferromagnet UGe2 

has been observed below the Curie temperature. The magnitude of the hyperfine 

magnetic field is determined as T at 5.3 K. Temperature dependence of the 

hyperfine magnetic field is proportionate to the magnetization below the Curie 

temperature ‘ 

In heavy fermion superconductors of UPd:;A13 and URu:; Si2, spectral 

broadening due to the magnetic fluctuation was observed even in the paramagnetic 

states. The observed hyperfine fields in both the compounds are caused by the 

paramagnetic relaxation at uranium atoms. They appeared around the temperature 

where the temperature dependence of the magnetic susceptibility has a maximum value. 

In consideration for the temperature range of the observation of the metamagnetlc 

transition, the common phenomena in UPd:;AI3 and URu:;Si2 are thought to be related to 

the appearance of a heavy fermion which plays an important role for their 

su perco nducti vity 

In UPd:;A13' the hyperfine magnetic field is observed below N馥l temperature 

of 14 K. The magnitude of the hyperfine magnetic field at 5. 1 K is T. Even 

in URu:; Si:;, the hyperfine magnetic field is also observed below N馥l temperature, 17.5 

K, although the magnitude of the saturated magnetic moment is quite small as 0.03 !lB 

The magnitude of the hyperfine magnetic field at 5.2 K is T. This result 

suggests that the small net moment is caused by the antiparallel coupling between the 

spin and orbital moments whose magnitudes are finite. The obvious anomalies 

observed in the specific heat and electrical resistivity measurements for URu2Si:; might 

be explained by using this model 

In this work, the obtained hyperfine coupling constants are T / !lB of 

T of UGe:; and UPd2Al3. As for these compounds except for 

magnitude of the hyperfine magnetic field at :;
3R
U nucleu:s is 

proportionate to the magnetic moment at a uramum atom 
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