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Quantum critical behavior in heavy-fermion superconductor CelrIns
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Based on analysis of nuclear (151n) spin-lattice relaxation-time measurements on the heavy-fermion super-
conductor Celrlns, ¢, w, and temperature dependences of the dynamical susceptibility Im x(7,w,) near the

antiferromagnetic wave vector Q at low energy w,~ 10" meV have been estimated. The 7' dependences

found, Im x(Q,w,)~T ¥2 and antiferromagnetic correlation length &€~ 734, are consistent with quantum
critical behavior for a three-dimensional antiferromagnet (d=3, z=2) having a spin-density-wave instability.
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I. INTRODUCTION

Since unconventional superconductivity occurs near mag-
netic quantum critical points (QCPs) in many heavy-fermion
systems, the clarification of quantum criticality is one of the
crucial issues for its understanding.! In heavy-fermion sys-
tems CeMIns (M: Co, Rh, and Ir), superconductivity consid-
ered to appear in the vicinity of QCP.2 In fact, the antiferro-
magnetic (AFM) ordering which is observed in CeRhlIns is
suppressed under pressure, and superconductivity appears.?
In paramagnetic CeColns, a modest amount of chemical
pressure (substitution of ligand atoms) causes antiferromag-
netic ordering.*>

Because of the tetragonal crystal structure with Ce occu-
pying a basal plane, the possibility of two-dimensional (2D)
magnetic character in CeMIns has been considered. For ex-
ample, NQR spin-lattice relaxation measurements were said
to suggest magnetic fluctuations with quasi-2D character in
CelrIns.® In contrast, anisotropic, three-dimensional (3D)
magnetic excitations have been reported in CeRhIns.” In the
present report, the nature and dimensionality of a possible
QCP in Celrlns are considered.

In our previous study,® the dynamical susceptibility of
Celrlns (7.~0.4 K at ambient pressure’) was estimated
based on spin-lattice relaxation and Knight shift measure-
ments at the In sites. However, the estimated dynamical sus-
ceptibility was effectively a g-averaged one since the ¢ de-
pendence of the hyperfine coupling and the dynamical
susceptibility were ignored in the analysis. In antiferromag-
netically correlated Celrlns, it is necessary to treat the § de-
pendence correctly in order to extract the true dynamical
susceptibility, particularly because the antiferromagnetic
fluctuations tend to cancel at the In sites.! Moreover, the
spin-lattice relaxation rate is not related to the dynamical
susceptibility in a simple way in CeMIns systems because of
the §- and T-dependent® hyperfine couplings and dynamical
susceptibility.

In the present study the § dependence of the hyperfine
couplings and of the dynamical susceptibility are taken into
account explicitly. In this way the T dependence of the AFM
correlation length and of the dynamical susceptibility in
Celrlns are estimated, which indicates that CelrIns is located
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in the vicinity of a 3D AFM quantum critical point.

II. EXPERIMENTAL

Experimental details have been provided in a previous
report.® High-quality, single-crystal samples of Celrlns have
been prepared by the Czochralski method.!! NMR measure-
ments on the ''*In nuclear spins (/=9/2, gyromagnetic ratio
v,=9.3295 MHz/T) were carried out using a phase coherent
pulsed spectrometer. In this HoCoGas(I4/mmm)-structure
compound, having lattice parameters a=4.666 A and ¢
=7.5168 A (Ref. 12) (Fig. 1), there are two crystallographi-
cally inequivalent In sites: the 1c site [In(1)] and the 4i site
[In(2)]. The In(1) site has tetragonal local symmetry while
the In(2) site is orthorhombic. The Knight shift K and spin-
lattice relaxation time 7, have been determined at both of the
"5Tn sites in a single crystal Celrlng as a function of tem-
perature and applied magnetic field orientation (Hlla,c axes).
The Knight shift has been determined using field-sweep

X

FIG. 1. (Color online) Crystal structure (/4/mmm) of Celrlns.
There are two crystallographically inequivalent In sites, the 1c¢ site
[In(1)] and the 4i site [In(2)].
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spectra taken at constant frequency w,/27=59.8 MHz. T}
data were obtained using the standard spin-echo inversion
recovery method at w,/27~75 MHz.

III. RESULTS AND DISCUSSION
A. Spin-lattice relaxation and dynamical susceptibility

Generally, the spin-lattice relaxation time 7', can be ex-
pressed as'3

e Im X[(Cj,w )
VT Tiy= %2 {A,(q)z—w :
q

n

+A,(9) (1)

w,

ZIm Xm(q)’ Wy }

where [ and m axes are perpendicular to k axis, A(g) is the
G=(q..qy.q.)-dependent  hyperfine coupling constant,
Im x(§,w,) is the dynamical susceptibility, w, is the NMR
measurement frequency, and X is a normalized sum over the
Brillouin zone (BZ).

Single-axis relaxation rate contributions R; , for each In
site i(=1,2) and fluctuation axis a(=a,c) may be defined by

i Im ia( _)’wn)
Riw= 73 A o(qp—2ee . 2)
b

n

Combining Egs. (1) and (2), comprehensive spin-lattice re-
laxation rate data may then be analyzed to yield the 7 depen-
dences of the single-axis rates R; ,. Data for the latter quan-
tities can then be further analyzed to yield experimental
values for weighted averages of the dynamical susceptibility
over the BZ. To see this we define A; ,(§)*=A, (0)*|f(§)|,
where |f;(§)|? is the hyperfine form factor. Equation (2) can
then be rewritten as

1 G o,
Riw=YiAial0 2| £(g) P Xial - 0)
q

n

=¢,,Ai,a(0)2w, 3)

n

where we define
— = _ 2 12 -
Im Xi,a(q’ wn) - |fz(q)| Im Xi,a(qs wn) .
q

In Celrlns the hyperfine coupling constants A; ,(0), which
have been determined with K-y plots, have been found to be
T dependent at low temperatures.®

Experimentally derived values of Im x, (¢, ®,) obtained
via Eq. (3) are plotted as a function of temperature in
Fig. 2. The source of magnetic fluctuations at the In sites
is transferred hyperfine coupling from neighboring Ce mo-
ments. These moments also give rise to the dynamical sus-
ceptibility Im yx; ,(¢, ®,). Therefore, Im x; (¢, ®,) should be
identical with Im x; (¢, w,). However, estimated values of
Im x; ,(4,w,) deviate notably from those of Im x, ,(7,w,),
especially at low temperatures. As is shown below, these
deviations can be understood in terms of the different
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FIG. 2. (Color online) T dependence of the g-summed dynami-
cal susceptibility Im x; ,(§, w,) in CelrIns (Ref. 8) [i=1 and 2 for
the In(1) and In(2) sites, and w=a and c for the a and c axes,
respectively]. Values of cal Im y; (g, w,) are calculated based on
Eq. (7), using &,, and Im Xa(é,wn) values from Figs. 7 and 8 (see
Sec. III C). The solid lines are guide to the eyes.

g-dependent hyperfine form factors for the two In sites,
where we also model and obtain estimates of the ¢ depen-
dence of the dynamical susceptibility and the temperature
variation in the magnetic correlation length.

B. §-dependent hyperfine coupling and dynamical susceptibility
In Fig. 3, Ce ions which neighbor the In(1) and In(2) sites
are shown. The Ce ions are the source of transferred hyper-
fine fields at the In sites.
Considering the four nearest-neighbor Ce ions, the § de-
pendence of |f;(§)|?> for the In(1) site can be written as

f1(@)]? = 4 cos*(mg,)cos*(mg,), 4)

where 2,|f1()[*=1. The resulting § dependence of the form
factor |f,(§)|* over the BZ is illustrated in Fig. 4.'*

In(2)

X

O ce
zZ
On LQ—O
X
FIG. 3. (Color online) Ce sites included in the g-dependent hy-

perfine coupling. (a) Nearest-neighbor Ce sites around the In(1)
site. (b) Nearest- and second-neighbor Ce sites around the In(2) site.
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FIG. 4. (Color online) ¢ dependence of the In(1)-site hyperfine
form factor |f,(§)|*> for values of § surrounding the planar AFM
wave vector (qx,qy)z(%,%).

For the In(2) site, the § dependence of |f,(§)|> can be
written approximately considering two nearest and two
second-nearest Ce sites (see Fig. 5),

[2(4) =4 cos®(mq,) X ({B; cos(21q.) + B, cos[27q.(1 -z)]}?
+{B, sin(27q.) — B, sin[2mq.(1 - 2)1}*), (5)

where z=0.305 is the z parameter of the crystal structure.!?
B,/B, is the ratio of hyperfine coupling constants for the
nearest and second nearest-neighbor sites. If the hyperfine
coupling is assumed to be the Ruderman-Kittel-Kasuya-
Yoshida type, B,/B, is estimated as ~(r,/r,)>=35, where r,
and r, are the distances between first- and second-neighbor
Ce ions and the In(2), respectively. The values of B;=0.60
and B,=0.12 are then chosen so that 2|f,(¢)|*=1.

Since the magnetic correlation wave vector is near Q
:(%,%,%) in related compounds CeRhlIns (Ref. 15) (exactly,
under pressure above 1.7 GPa near the superconducting
state) and CeColns,'® we assume that the magnetic correla-
tion wave vector in Celrlns is O as well. Then, the g depen-
dence of Im x,(g,w,) in the vicinity of the antiferromagnetic
wave vector Q can be approximated as

FIG. 5. (Color online) g dependence of hyperfine form factor
|f>(§)|? near the antiferromagnetic wave vector (qx,qz)z(%,%) af-
fecting the In(2) site.
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FIG. 6. (Color online) ¢ dependence of the dynamical suscepti-
bility Im x,(g,®,) near the AFM wave vector (qx,qy)z(%,%) for
the case of &,=4.

2

: {fxy(qr %)}2+ {&(%_ 9}2}17(6)

where ¢, (in units of a) and &, (in units of ¢) are the anti-
ferromagnetic correlation lengths in the basal plane and
along the z axis, respectively. As discussed above, the actual
Im x,(7,w,) should be the same for both In sites. For ex-
ample, ¢ dependence of Im y,(§,w,) for &,=4 is presented
in Fig. 6. If the latter profile is compared with |f,(§)|* in Fig.
4, the cancellation of antiferromagnetically correlated fluc-
tuations is easily understood.

2
Im x,(,®,) =Im Xa(é,wn){l + {éxy<qx - l)}

C. T dependence of magnetic correlation length
and dynamical susceptibility at Q

Based on Egs. (4)—(6), the T dependence of Im x; ,(¢, w,)
becomes

Im Xi,a(q)’ wn) = Cal Im Xi,a(q’ wn) = Im Xa(éa wn)

1 2
x3 Ifi(ci)P{l - {fxy(qx— 5)}
q

+ {fxy<%~‘ %>}2+ {gz<%_ 9}2]1'(7)

Since the critical exponent v for the correlation length
(§xT") is to be same for &, and & in the paramagnetic
state,'” &,/ £, should be independent of T. Further, if £/, is
taken to be fixed at the value determined near w=0 for
CeRhlns, ie., &,/ £=4 then the T dependences of
Im Xa(é,wn) and §,, can be determined so as to reproduce
the T dependence of Im y;,(4,w,). Since a similar value
&4/ E~1.5X(c/a)~2.5 is also found in CeColns,!' the
presently assumed value &,/&=4 is reasonable.

Figures 7 and 8 show the 7 dependences of &, and
Im y,(Q,w,), which reproduce the T dependences of the
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FIG. 7. (Color online) T dependence of the magnetic correlation
length in the basal plane &, in unit of a=4.666 A. The estimated T
dependence £~ T34 is expected for the quantum critical regime of
a 3D antiferromagnet (d=3, z=2).

Im x; (G, w,) (cal Im x; ,(7,w,) in Fig. 2). As shown in Fig.
2, the deviations between Im ; ,(7,w,) and Im x; (¢, ®,)
can be reproduced within the experimental errors.

If the ¢ dependence of hyperfine form factor at the In(1)
was different from the real one in Fig. 4; (a) ¢-independent
case: |fi(§)*=1 and (b) cancellation at §=(0,0) case:
(@ =Ifu(§)|> =4 sin’(mq,)sin*(mq,) (Fig. 9), T depen-
dence of calIm x;,(f,®,) using the obtained &, and
Im Xa(é,wll) would be considerably different from the ob-
served Im x; ,(G,w,) (=callm x;.,(G,w,) for the real
If1(§)|? in Fig. 4), as shown in Fig. 10. This fact indicates

4_ 1 1 IIIIIII 1 1 IIIIIII
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FIG. 8. (Color online) T dependence of the dynamical suscepti-
bility Im Xa(é,w,,) at AFM wave vector Q:(%,%,%). It should be
noted that the vertical unit is the same as in Fig. 2. The estimated T’
dependence Im Xa(é, w,) ~ T3 is expected for the quantum criti-
cal regime of a 3D antiferromagnet (d=3, z=2).
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FIG. 9. (Color online) ¢ dependence of hyperfine form factor
|f(@)|*=4 sin*(mq,)sin’*(mq,) for values of § surrounding the pla-
nar AFM wave vector (qx,qy)z(%,%). In this case, fluctuations at
G=(0,0) are canceled, in contrast to the real one in Fig. 4.

that 7" dependence of 1/7T at the In sites depends strongly
on the ¢ dependence of hyperfine form factor in Celrlns.
Evidently, T dependence of 1/T,T is not scaled with the T
dependence of dynamical susceptibility at low temperatures,
even if the hyperfine coupling constants were 7 independent.

Above 30 K, ¢ is effectively ~0 as no deviation is ob-
served, indicating a nearly uncorrelated localized-moment
state, which is consistent with the nearly 7-independent T}
behavior observed in this region.® Since £,, extends to ~12
sites in the basal plane at the lowest temperature, the system
is considered to be near a magnetic instability. Values of &
estimated with neutron scattering in CeRhIns (Ref. 7) are
slightly smaller than the present one, perhaps because ¢ are
determined in neutron scattering at a finite energy effectively
larger than w,~75 MHz=3X10"* meV.

Theoretically, & can be defined in the quantum critical
regime of a 3D antiferromagnetic spin-density-wave (SDW)
instability,'3

10 1 1 LI IIII 1 1 1
O calﬁxha
gl for If (DI=If () _]
:_,‘B O callmy,
S gL o =1 |
2 ® Imy, ~callmy,
© for If, ()| in Fig. 4
< 4r - ]
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— @]
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2 4 6 2 4
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FIG. 10. (Color online) Comparison between the observed
Im x; (7, w,) (shown in Fig. 2) and cal Im x, ,(¢,w,) based on Eq.
(7) for the cases of |f,(§)|*=|f.(§)]> and |f;(§)]*=1 using the ob-
tained £,, (Fig. 7) and Im Xa(0, w,) (Fig. 8). It should be noted that
the vertical unit is the same as in Fig. 2
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FIG. 11. (Color online) T dependence of the static susceptibility
Xa=Xo(0,0). (a=a for Hlla and a=c for Hllc) (Ref. 11).

£~ (0,002 ~ T34, (8)

where x(0,0) is the static susceptibility at g=0. As shown
in Fig. 7, &,~T7" is observed in Celrlns. Although a
quasi-2D scenario is proposed,® the present analysis indicates
that Celrlns is in the 3D antiferromagnetic quantum critical
regime below ~30 K. Actually, the theoretical expression
for T dependence of & in a 2D antiferromagnetic quantum
critical regime of an itinerant system (d=z=2 case) is still
controversial.!>?® The present analysis is at least consistent
with the well-established 3D case, although the magnetic
property of Celrlns is anisotropic.

It should be noted that the estimated critical exponent v
=3/4 for §,, is insensitive to a modification of &,,/§, value
in the vicinity of 4. It is noteworthy that a crossover to 2D
behavior for &, can be observed at a finite temperature if
En/ &> 1, whereas no such behavior is observed before &y
becomes zero in the present case.

In the 3D case, quantum critical behavior can be observed
roughly below the characteristic spin fluctuation temperature
T,,2" which is estimated to be ~15 K in CelrIns, based on
the T dependence of the specific heat.?? Thus, the observa-
tion of &,,~ T-¥* below ~30 K in the present study is not
unexpected.

Figure 8 shows the T dependence of Im Xa(é’ w,). In the
quantum critical regime for the 3D antiferromagnetic SDW
case at w=0,?!

Im x(0,0) ~ x(0,0) ~ T2, (9)

In Fig. 8, the relation Im y,(Q,w,) ~ T~¥? is experimentally
confirmed below 30 K, consistent with the 3D behavior of

&y

"Because of heavy-fermion enhancement and antiferro-
magnetic correlations, Im Xa(é7 w,) increases strongly com-
pared with Im x; (¢, ®,). At high temperatures, Imy, (0, ,)
is larger than Im y,(Q,w,) as the static susceptibility x,
> y, presented in Fig. 11, however, Im x,(Q, w,) becomes
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FIG. 12. (Color online) T dependence of the relaxation rate
I',(§) at AFM wave vector G=0Q. As T is approaching zero, I',,
seems to approach zero, indicating CelrIns is in the vicinity of the
QCP. The estimated T dependence I',(Q) ~ 7?2 is expected for the
quantum critical regime of a 3D AFM (d=3, z=2).

larger at low temperature, indicating that the system ap-
proaches an ordered state with ordered moment in the basal
plane. In a similar compound CeRhlns, an ordered moment
in the basal plane has actually been observed.’

The quantum criticality can depend on applied magnetic
field. In the present study, however, the spin-lattice relax-
ation time at the In(1) site at zero field® coincides with our
result around H=8 T. Therefore, the magnetic field effect is
considered to be negligible at least below 8 T.

D. Estimation of relaxation rate I',(§) at § =Q and the »
dependence of Im x(Q,w)

Using a Lorentzian approximation in terms of the relax-
ation rate I' ,(§) at §=0Q, the w dependence of Im y,(Q,w) in
the region w~ w,<I",(Q) can be represented as>?

Im xa(0,0) _ Xal'o(0) _  Xa
@ {L(07?+0w% T,0)
where x,=x,(0,0) is the static susceptibility at g=0. Based
on Eq. (10), the estimated Im y,(Q,w,) (Fig. 8) and the

static susceptibility x,, (Fig. 11), the T dependence of I ,(Q)
can be evaluated as shown in Fig. 12. As T decreases toward

zero, I',(0) appears to decay toward zero, indicating that the
system is in the vicinity of an antiferromagnetic QCP. In the
quantum critical regime, I'(Q) may be expressed as®!

I(Q) ~ x(0,0)™" ~ 1°2. (11)

This relation is in fact confirmed below ~30 K.

At high temperatures, I',(Q) =T'.(Q) become nearly T in-
dependent, indicating that the system is magnetically isotro-
pic without strong correlations. In contrast, at low tempera-
tures, Fa(é) becomes notably smaller than I‘C(Qa). Such a

(10)
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result is consistent with the conjecture that the system is
approaching an antiferromagnetically ordered state with the
ordered moment in the basal plane.

In our previous report,?* an approximation for the strongly
correlated case was used for estimating ¢ summed I',,, giving
a magnitude similar to the present one.

IV. CONCLUSION

In CeMIns systems, nuclear hyperfine couplings at the In
sites are strongly 7 and ¢ dependent. The 7-dependent hy-
perfine couplings are found particularly in Ce-based com-
pounds. In contrast, in U- and Np-based isostructural com-
pounds such as UPtGas; and NpCoGas, the hyperfine
coupling constants are 7 independent.>>*® In the present
study, components of the dynamical susceptibility have
been estimated with the aid of an analysis of '"’In
NMR Knight shift and spin-lattice relaxation time results. In
particular, we find for the estimated critical behavior: &,
~T3 Im x (0, w,)~T% and T (Q)~T*? as T—O.
These findings are consistent with 3D quantum critical be-
havior for a SDW instability.

In Fig. 13, a tentative schematic phase diagram for
Celrlns from the present study is presented. It is shown that
Celrlns is located in a quantum critical regime below 30 K,
and the origin of quantum criticality is suggested to be a 3D
antiferromagnetic SDW instability. As T—0, the system
would approach a QCP, although the appearance of super-
conductivity prevents us from observing this. Furthermore,
no Fermi-liquid regime has been found to appear above the
superconducting regime for this compound.® Thus, the quan-
tum critical fluctuations evinced in this study may be rel-
evant to the superconductivity.

In CeColng, 7.~2.3 K is almost six times larger than
T.~0.4 K in CelrIns. Recent NMR studies of CeColns have
suggested 2D magnetic character at low temperatures.”® Of
course, a g-dependent analysis should be applied to that case,
where the correlation between low dimensionality and 7.
might be interesting. On the other hand, magnetic fluctua-
tions with XY anisotropy may be favorable for d-wave su-
perconductivity in heavy-fermion systems, as compared with
the Ising case.?* In the present study, the XY anisotropy with
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FIG. 13. (Color online) Suggested schematic phase diagram for
Celrlns. SDW ordering cannot be observed since negative pressure
is necessary. Since 7. increases with pressure (Ref. 27), Celrlns
may be located on the low-pressure side of the superconducting
cone region (red solid line). The distance from the QCP for Celrlns
is considered to be small since quantum critical behavior is ob-
served below ~30 K. “B” is a crossover regime to a Fermi liquid
(Ref. 18).

FL,(Q) <I‘C(QQ) has been confirmed for Celrlns at low tem-
peratures. The dimensionality and the type of magnetic an-
isotropy are different concepts, and should be carefully dis-
tinguished in experiments aimed at determining the
correlation between these attributes and superconductivity.
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