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We report measurements of the 119Sn nuclear spin-echo decay rate 1=T2G in the heavy-fermion com-

pound USn3. From 1=T2G, the magnetic spin-spin correlation length � is found to vary as �� T�3=4 above

�100 K, which is expected for a quantum critical regime at high temperatures. Combined with the spin-

lattice relaxation rate 1=T1, T1T=T
2
2G is found to be temperature independent in the heavy-fermion state

below T� � 30 K. This indicates that the heavy-fermion state of USn3 is categorized in the overdamped

regime with a dynamical critical exponent z ¼ 2. These observations are consistent with a spin density

wave magnetic instability at the quantum critical point.
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The heavy-fermion state is generally near a quantum
critical point (QCP) of magnetic instability at 0 K because
of competition between the Ruderman-Kittel Kasuya-
Yosida interaction and the Kondo effect [1]. Recently, the
nature of the QCP in heavy-fermion compounds has piqued
considerable interest, since two different models have been
proposed to describe this effect. If the magnetic instability
has an itinerant antiferromagnetic spin density wave
(SDW) origin [2,3], quantum critical behaviors appear
next to the heavy-fermion state of the overdamped regime
with dynamical critical exponent z ¼ 2 and scaling dimen-
sion � ¼ 0. In contrast, if spin localization is the origin of
the instability [4,5], behaviors around the QCP belong to a
different universality class with an E=T scaling law for
magnetic susceptibility. The nature of the QCP has been
investigated mainly in 4f (4f1) Ce-based heavy-fermion
systems up to now. The SDW type has been confirmed for
CeRu2Si2 [6,7]. In contrast, a spin localization transition
with localization of f electrons has been proposed for
CeCu5:9Au0:1 [8]. The nature of the QCP depends on the
character of the f electrons (more exactly of the f electron
Fermi surface). In order to further examine this question, it
is useful and appropriate to determine the type of QCP
found in 5f U-based heavy-fermion compounds, which
have a different (i.e., more itinerant, 5f2) f-electron
character.

In heavy-fermion f-electron compounds, magnetic f
moments have a localized character coupled through the
Ruderman-Kittel Kasuya-Yosida interaction at high tem-
peratures. Below a certain characteristic temperature T�,
the f-electron moments are screened dynamically with
conduction electrons by the Kondo effect, and finally, a
strongly renormalized Fermi-liquid state with a large ef-
fective mass, i.e., the heavy-fermion state, appears.

In order to investigate the QCP of U-based heavy-
fermion compounds quantitatively based on a certain theo-
retical model, USn3 is an ideal compound, since USn3 has
a simple cubic structure with U sites having cubic local

symmetry (Fig. 1) and a large Sommerfeld specific heat
constant � ¼ 170 mJ=molK2 with a paramagnetic ground
state [9,10]. In addition, a high-quality sample with a very
low impurity level (e.g., residual resistivity �1:7 ��cm)
can be obtained. Figure 1 shows the T dependence of the
static magnetic susceptibility � of USn3. At high tempera-
tures, Curie-Weiss behavior with a reduced effective mo-
ment �eff ¼ 2:44�B is observed, as is characteristic of
itinerant systems. Below T� � 30 K in the heavy-fermion
state, � becomes constant at �9� 10�3 emu=mol. The
Wilson ratio Rw � ð�=�Þð�2k2B=3�

2
B) is found to be �2,

indicating that this compound is in the strongly correlated
regime. The ground state of USn3 is near to a QCP, since
antiferromagnetic ordering is considered to appear with
negative pressure [11].

FIG. 1 (color online). T dependence of the static magnetic
susceptibility � in USn3. Below T� � 30 K, � becomes con-
stant. At high temperatures, � obeys the Curie-Weiss law with
effective moment �eff ¼ 2:44�B. The inset shows the cubic
(face-centered cubic) crystal structure of USn3. ~n indicates the
local symmetry axis of the Sn site.
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In our previous 119Sn NMR study [12] of USn3, the
nuclear hyperfine coupling constants, the T dependence
of the Knight shift and of the spin-lattice relaxation time T1

were reported. An enhancement of antiferromagnetic fluc-
tuations was clearly observed in the spin-lattice relaxation,
which is consistent with inelastic neutron scattering mea-
surements [13]. In this report, the quantum critical behav-
ior in 5f-heavy-fermionUSn3 is concluded to be consistent
with the SDW description, using the spin-echo decay (T2G)
method, which was quite successful in elucidating the
magnetic correlations of high Tc cuprates [14,15].

The spin-lattice relaxation rate 1=T1 probes the imagi-
nary part of the general susceptibility Im�ðq;!nÞ at low
energy !n � 0 (more exactly, !n is the NMR measure-
ment frequency 119 MHz� 6 mK in this study) [16]. For
d ¼ 3 systems,

1

T1T
�

Z Im�ðq;!nÞ
!n

d3q: (1)

In contrast, the Gaussian component of the spin-echo
decay rate 1=T2G probes the real part of the general sus-
ceptibility Re�ðq;! ¼ 0Þ when indirect couplings be-
tween nuclear spins are appreciable [17,18],�

1

T2G

�
2 �

Z
Re�ðq; 0Þ2d3q: (2)

Based on the dynamical scaling law, �ðq;!Þ ¼
�2��gð�q; �z!Þ with a scaling function g for the SDW
case [19], one can obtain dynamical scaling relations
[14,15],

1

T1T
� �z�1��;

�
1

T2G

�
2 � �1�2�: (3)

In the overdamped regime (z ¼ 2, � ¼ 0) [2,3],
1=T1T � � and 1=T2

2G � �, we find that T1T=T
2
2G �

const [20]. In contrast, T1 � const, T2G � const, and
T1T=T

2
2G � T are expected for the localized moment re-

gime. It should be noted that no universal law for T1T=T
2
2G

around the magnetic instability can be obtained for the spin
localization case, since there is no universal behavior for
the magnetic correlation length �.

The conventional two-pulse spin-echo method is applied
to determine the spin-spin relaxation time. 119Sn (I ¼ 1=2)
nuclear spin-echo decay was measured at 119 MHz using
the usual �=2-� rf pulses with time separation � in single-
crystal and powder samples for H ? ~n ( ~n is the principal
axis of the Sn site indicated in the inset of Fig. 1) [12]. The
line width is less than 0.15 MHz; thus, the whole 119Sn
NMR line was excited by the rf pulses. The 119Sn nuclear
spin-echo decay rates were determined by fitting the �
dependence of spin-echo intensity Mð2�Þ,

Mð2�Þ ¼ Mð0Þ exp
�
� 2�

T2L

�
exp

�
�ð2�Þ2

2T2
2G

�
; (4)

where the first and second exponential factors are the
Lorentzian and Gaussian components, respectively. As

shown in Fig. 2(a), the experimental spin-echo decay
curves are well reproduced by a fitting based on Eq. (4).
Figure 2(b) shows the ð2�Þ2 dependence of the Gaussian
component after dividing out the Lorentzian component.
The good linearity indicates that the whole NMR line is
excited uniformly, which guarantees that T2G is correctly
determined.
The Lorentzian rate 1=T2L (for H ? ~n) is the contribu-

tion from the spin-lattice relaxation process, which is
found to be �0:7=T1H? ~n for the whole temperature range.
This value is consistent with the expected value [21]
1=T2L ¼ ð1=T1H? ~n þ 1=T1Hk ~nÞ=2� 0:8=T1H? ~n. It should

be noted that the anisotropy of T1, T1Hk ~n=T1H? ~n � 1:6, is
independent of T in USn3 [12].

FIG. 2 (color online). (a) Spin-echo decay curves for the 119Sn
NMR for H ? ~n in USn3. The solid lines are fitted curves based
on Eq. (4). (b) The Gaussian component of the spin-echo decay
is plotted after subtraction of the Lorentzian component
expð�2�=T2LÞ. The solid lines are fitted curves with 1=T2G ¼
1:06� 104 s�1 (30 K), 0:86� 104 s�1 (100 K) and based on
Eq. (4). (c) T dependence of the 119Sn NMR Gaussian decay rate
1=T2G and of the spin-lattice relaxation rate 1=T1 for H ? ~n
[12].
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The Gaussian rate 1=T2G is the contribution from nu-
clear spin-spin coupling. Using the second-moment
method [22], the classical direct dipole-dipole coupling
contribution 1=T2Gd�d to 119Sn spin-spin coupling is esti-

mated as 1=T2Gd�d � ð2�Þ�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffih�!2ip � 102 s�1, which is

much smaller than the observed 1=T2G. This indicates that
the nuclear spin-spin relaxation is substantially enhanced
by indirect spin-spin couplings [17,18] due to antiferro-
magnetic (q ¼ Q) fluctuations of quasiparticles, as well as
by the nuclear spin-lattice relaxation [23].

The isotopic dependence of T2G for 117Sn (I ¼ 1=2) and
119Snwas determined at 150 K to be 117T2G=

119T2G � 1:18,
which agrees well with the predicted isotopic dependence
of T2G: ð�2

119

ffiffiffiffiffiffiffiffiffi
P119

p Þ=ð�2
117

ffiffiffiffiffiffiffiffiffi
P117

p Þ ¼ 1:16, where � and P
are the nuclear gyromagnetic ratio and the isotopic abun-
dance of 117;119Sn, respectively [24].

Figure 2(c) shows the T dependence of 1=T1 and 1=T2G

for H ? ~n. Below T�, 1=T1 becomes proportional to T
(Korringa behavior) due to the formation of the heavy-
fermion state. At high temperatures, 1=T1 starts to saturate
as expected for a localized-like case, although actual itin-
erant character still persists [12]. The behavior below T� is
different; i.e., 1=T2G becomes nearly constant. The T de-
pendence of T1T=T

2
2G is presented in Fig. 3(a). Below�T�

in the heavy-fermion state, T1T=T
2
2G is constant as ex-

pected for the overdamped case. In the framework of the
SDW model (z ¼ 2, � ¼ 0) developed by Moriya [3], the
constant value of T1T=T

2
2G in the overdamped regime

corresponds approximately [15] to �P119�
2
119A

2T0=ð8TAÞ
for a case of I ¼ 1=2 NMR. Here, A� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5ð862 þ 592Þp ffi
74 kOe=�B, T0 � 33 K� T�, and TA � 44 K are the pre-
viously determined hyperfine coupling constant and two
characteristic spin fluctuation temperatures for USn3, re-
spectively [12]. These parameters give �P119�

2
119A

2T0=
ð8TAÞ�1:0�105 Ks�1, in satisfactory agreement with the
observed constant T1T=T

2
2G�1:1�105 Ks�1 below T�.

As T increases above T�, T1T=T
2
2G begins to increase,

indicating that the dynamical scaling relation has broken
down. From Eqs. (1) and (2), 1=TT1 and 1=T2

2G are pro-

portional to Im�ðq;!� 0Þ and Re�ðq; 0Þ2, respectively. In
addition, from the Kramers-Kronig relation, Re�ðq; 0Þ
may be derived from! integration of Im�ðq;!Þ up to! ¼
1:

Re�ðq; 0Þ ¼
Z 1

0

Im�ðq;!Þ
!

d!: (5)

Considering these relations, the present T dependence of
T1T=T

2
2G implies that enhancement of Im�ðq;!Þ appears

near !� 0 as T decreases toward T�, which is consistent
with the formation of a narrow Kondo-coherence peak at
the Fermi level. At high temperatures, T1T=T

2
2G � T�

shows an exponent �� 0:7, which is smaller than the
expected value � ¼ 1 for localized systems, perhaps due
to residual itinerant character. These behaviors are consid-
ered to be characteristic of Im�ðq;!� 0Þ in the crossover
regime to the heavy-fermion state [25].

The dynamical scaling relation between 1=T1T and the
magnetic correlation length � in Eq. (3) is no longer valid
above T�. Nevertheless, the T dependence of � can be
estimated from 1=T2G. Although the dynamical scaling
relation breaks down around !� 0 due to the enhance-
ment of Im�ðq;!� 0Þ, the static scaling law Re�ðq; 0Þ �
�2gðq�; 0Þ still holds approximately at high temperatures
[26]. This leads to 1=T2

2G � �ðTÞ in Eq. (3). As shown in

Fig. 3(b), �ðTÞ � T�3=4 at temperatures above �100 K.
This behavior is in fact expected for the SDW quantum
critical regime in (d ¼ 3, z ¼ 2) heavy-fermion systems
[27,28], but does not agree with the usual scaling behavior

�ðTÞ � T�1=z � T�1=2. In the overdamped heavy-fermion
regime below 30 K, � becomes nearly saturated. This can
be interpreted as the expected behavior of a Fermi liquid:
½�ðTÞ=�ð0Þ�2 � ð1� bT2Þ, with a small constant b � 1.
The absolute value of �ð0Þ can be estimated from the SDW

model [3], �ð0Þ=a� 1:6=
ffiffiffiffiffi
y0

p ffi 3:4, where a ¼ 4:626 �A
is the lattice constant, and y0 � 1=½2TA�ðQ; 0ÞT¼0 K� �
0:22, from the previous result [12]. Between the over-
damped regime and the quantum critical regime, there is
an intermediate regime indicated as B in Fig. 3(b), where �
is determined by the control parameters r and T in a
complex way. This experimentally determined phase dia-
gram agrees with one that was theoretically proposed [27]
for the vicinity of the SDW quantum critical point in Fermi
liquid systems as presented in Fig. 4. In USn3, as well as

FIG. 3 (color online). (a) The T dependence of T1T=T
2
2G.

Below T� � 30 K, T1T=T
2
2G becomes constant. This means

that dynamical scaling behavior appears in the heavy-fermion
state. Above T�, the experimental T dependence of T1T=T

2
2G can

be expressed as T1T=T
2
2G � T� (�� 0:7). (b) T dependence of

1=T2
2G � �ðTÞ. �ð0Þ is estimated as �ð0Þ=a� 3:4 where a is the

lattice constant (see text). Crossover boundaries between over-
damped, intermediate B and quantum critical regimes are in-
dicated by broken lines.

PRL 102, 037208 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

23 JANUARY 2009

037208-3



CeRu2Si2, quantum critical behavior can be interpreted in
terms of a SDW scenario.

In conclusion, the T dependence of the 119Sn nuclear
spin-echo decay rate 1=T2G has been determined in the
heavy-fermion compound USn3. In the heavy-fermion
state below T� � 30 K, dynamical scaling behavior
(T1T=T

2
2G � const) for the overdamped regime (d ¼ 3,

z ¼ 2, and � ¼ 0) has been observed. The T dependence
of the magnetic correlation length � determined from data

for 1=T2G shows quantum critical behavior �� T�3=4

above T � 100 K after showing intermediate behavior
between �30 K and �100 K. Such behavior is expected
for a QCP in a Fermi liquid system with a SDW instability.

Considering the stable itinerant nature of the 5f Fermi
surface in a U-based heavy-fermion system, the SDW state
may be more favorable for QCP behavior than the spin-
localized state with shrinkage of the Fermi surface. In order
to realize spin-localized instability, e.g., of CeCu5:9Au0:1,
localized $ itinerant (small $ large) Fermi surface insta-
bility and magnetic instability should occur at the same
time. This may be expected for systems very near the
Kondo regime with a small Kondo temperature and pos-
sessing a particular two-dimensional Fermi surface topol-
ogy without nesting instability [5].
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magnetic instability. The present study of USn3 gives a clear
experimental example, which shows crossovers between three
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