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Anisotropic energy scale for degenerate Fermi and non-Fermi liquids near a quantum
critical phase transition in YbRh,Si,
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Based on #Si nuclear spin-lattice relaxation time (7 ) data on a single crystal of YbRh,Si,, the coexisting Fermi
liquid and non-Fermi liquid states around the quantum critical phase transition have been found to be sensitive to
the direction of the applied magnetic field. Augmented scaling analysis shows that the anisotropic characteristic
temperature and field are roughly ten times larger for H ||c than for H ||a, consistent with a previously obtained

anisotropic phase diagram.
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Quantum critical phase transitions (QCPTs) at T =0 K
in the heavy fermion state of a Kondo lattice offer various
interesting aspects. In the heavy fermion system YbRh,Si,
[1-6], the QCPT is not the usual case of spin density wave
(SDW) instability observed in Ce-based compounds [7], but a
candidate for the novel locally critical QCPT case [8-10].
In YbRh;,Si;, the weak antiferromagnetic transition below
Tn ~ 70 mKis easily suppressed to 7 = 0 with a small applied
magnetic field H [1]. Unfortunately, the antiferromagnetic
ordering has not yet been confirmed, which may be due to the
low Ty and a small ordered moment [11]. As a consequence
of its tetragonal crystal structure (Fig. 1), the phase diagram
and thus the electronic state of YbRh,Si, have been found
to be quite anisotropic [4,12,13]. Correspondingly, the critical
magnetic fields for Ty ~ 0 K are H.; ~ 0.06 and 0.66 T for
H 1 cand H||c axes, respectively, indicating that the effective
energy scale for quantum criticality is ~10 times larger for the
H|| c axis.

A sudden change in the Fermi surface volume has been
suggested theoretically [9] in the vicinity of the locally
critical QCPT. In fact, transport measurements suggest such
a change in the Fermi surface [2,3,12,14]. On the other hand,
recent angle-resolved photoemission spectroscopy (ARPES)
measurements in YbRh,Si, indicate no drastic change in the
Fermi surface near the QCPT [15]. Thus, the nature of the
QCPT in YbRh,Sij, is still under debate.

In our previous paper [16], coexisting static Fermi liquid
(FL) and non-Fermi liquid (NFL) states near the QCPT in
YbRh,Si, were brought to light by means of **Si nuclear
spin-lattice relaxation time (7)) studies with an H||c axis.
Here, in order to probe the anisotropy of the quantum critical
state, possible two-state behavior has been probed again via
T, studies with H along the a axis for 45 mK < 7 < 300 K
and 0.31 T < H < 7.2 T. Similar, but somewhat more muted,
behavior has been found with the field in the basal plane.
The anisotropy of 77 for the Hl|la and Hl|c cases at high
temperatures has been discussed previously [13].

The same sample as used previously [13,16] has been
employed in the present study. High sample purity has
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been confirmed by low residual resistivity pp ~ 0.99 u2
cm, and a large residual resistance ratio (RRR) value =
p(300 K)/p(2 K) = 104 recorded for this sample. In the
past, the low natural abundance (~4.7%) of *Si (I = 1/2,
vn/2m = 845.77 Hz/Oe, where y, is the gyromagnetic ratio)
had precluded highly accurate °Si NMR measurements in
YDbRh,Si;. For this and previous NMR studies of this system,
a single crystal sample has been prepared with the 2°Si isotope
enriched to 52%, improving the NMR sensitivity by a factor
~11. The standard spin-echo saturation recovery method was
used for the determination of spin-lattice relaxation times 7;.

To present our two-state results for the case of field H
along an a axis, we begin by briefly reviewing the basic
phenomenology of this effect and the experimental analysis
of T data that led to its identification in the c-axis case [16].
Thus, in a FL state, Korringa relaxation 1/7,T ~ const is
expected, while, in contrast,ina NFLstate, 1 / T\ T ~ TV, i.e.,
Im x,(q,w,) - ocoas T — 0K, where the value of v depends
on the type of criticality [17]. In the previous H ||c case [16], the
NFL behavior exhibited v ~ 1, giving regions with 7} ~ const
near the QCPT. Since 77 o 1/T for the FL state, a substantial
contrast developed between 7; for the FL and NFL states
at sufficiently low temperatures. Here, a similar effect is
observed, but is confined to a lower temperature region owing
to the lower QCPT energy scale with H in the basal plane.

For »Si (I =1/2) the time dependence of the spin-
lattice relaxation curve for nuclear magnetization M(¢) in a
homogeneous electronic state is a simple exponential with a
unique 77,

M(t)
M(o0)

=1 —exp(~1/T). (1)

However, in a system with two coexisting electronic states,
an S state with short T}5 and an L state with long T}, the
relaxation curve is expressed by a two-component equation,

M(t)  Mp(c0)
Mioo) ~ M(eo) {R[1 — exp(—t/Tis)]

+ 1 —exp(—t/T11)},
M(c0) = Ms(00) + M (00),
R = Mg(00)/ M (00),

)
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FIG. 1. (Color online) Left: Crystal structure (/4/mmm) of
YbRh,Si,. The local symmetry of the Si site is tetragonal (4mm).
The a and @ axes are identical crystallographically; however, they
are distinguishable under magnetic field H ||a [13]. Right: The T-H
phase diagram (PD) of YbRh,Si,. Antiferromagnetic order (AFM)
disappears at H,. The PD for H ||a coincides with the PD for H ||c if
H|a is multiplied by 11 [1].
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where Mg(oco) and M (c0) are the S- and L-state equilibrium
nuclear magnetizations, respectively. Cases where Mg(oc0) =
0 or My (0c0) =0 correspond to Eq. (1). As we note below,
the S and L states correspond to the NFL and FL states,
respectively. The ratio R gives the proportion of S-state
(NFL) to L-state (FL) nuclear magnetization in the sample.
Since Mj 1 (c0) is proportional to the respective numbers
of Si in each state, R corresponds to the ratio of the
NFL state fractional population fypr(T) to that of the FL
state fFL(T) =1- fNFL(T), i.e., R = fNFL(T)/fFL(T)- In the
present measurements, all relaxation data obtained are fitted
quite well by either Eq. (1) or (2).

Figure 2(a) shows semilogarithmic plots of 1 —
M(t)/M(oco) at T = 45 mK for different magnetic fields. A
clear straight line at 7.2 T indicates a homogenous electronic
state at high magnetic fields. As the field decreases, the
plot curvature again indicates that two different states appear
at lower fields. Figure 2(b) shows semilogarithmic plots of
1 — M(t)/M(oc0) at H=0.31 T for different temperatures.
At higher temperatures, e.g., 492 mK, a clear straight line
is obtained, indicating a homogeneous state with a unique
Ti. In contrast, as T decreases, the 1 — M(¢)/M(co) curve
is bent in a fashion that is well fitted by the two-component
Eq. (2), indicating that two different states coexist at lower
temperatures. This behavior is similar to that found earlier for
Hc [16].

Figure 3(a) shows the T dependence of 1/7,T and
1/TsT at several magnetic fields. The present results for
Hlla are consistent with previous findings [18], although
the two states are well separated in the present study owing
to the NMR signal enhancement from the enriched sample.
There are significant differences between the present H |la
and previous H||c cases. In contrast to the H||c case, the
unique 1/T1(=1/T,.) depends strongly on H, beginning
at temperatures as high as ~50 K. This H dependence is
very likely related to the strong H dependence of static
susceptibility y, for Hla, which reflects the density of
states at Ep: X, & Dg,. Actually, T1.(7.2 T)/T1.(0.66 T)
[Dg,(0.66 T)/Dg,(7.2 T ~4 at 2 K [Fig. 3(a)] is con-
sistent with [x,(0.66 T)/x.(7 T ~4 at 2 K [Fig. 3(b)],
indicating that the ferromagnetic correlation [18] does not
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FIG. 2. (Color online) (a) Nuclear relaxation curves at T =
45 mK in different applied fields. Solid lines are obtained by least
squares fits to Eq. (1) for 7.2 T and to Eq. (2) for 3.8, 0.66, and 0.31 T.
At 7.2 T the relaxation curve is straight, indicating a homogeneous
(FL) state. With decreasing field, nonlinear relaxation curves appear
which are well fitted by Eq. (2), indicating the presence of two
different states. (b) Nuclear magnetic relaxation curves at H = 0.31
T at different temperatures. Solid lines are obtained by least squares
fits to Eq. (1) for 492 mK and to Eq. (2) for other temperatures.
At 492 mK, the relaxation curve is a straight line, indicating a
homogeneous (NFL) state. As temperature decreases, two-component
relaxation curves appear, which are well fitted by Eq. (2), indicating
the appearance of two different states.

depend strongly on H above 2 K. It should be noted that the
static susceptibility x. is independent of H|c upto 7 T [16].

Since 1/T,;.T is roughly independent of 7 at low tem-
peratures, the L state corresponds to the FL state. The T
dependence of 1/7,,T at 7.2 T and at low T may be the
result of the fine structure at the Fermi level [19,20]. On the
other hand, for the S state, 1/T1s7 o« T~" (v ~ 1), which
corresponds to the NFL state. The present results indicate that
there is a coexistence of regions exhibiting FL and localized
NFL states in the sample near the QCPT, as was found with
H ||c [16]. Compared with the case of H ||c, here the NFL state,
i.e., T\g, appears only at very low temperatures 7 < 0.1 K and
fields H < 0.66 T. In addition, values of 1/ T}, T increase here
with decreasing H in the FL state, whereas 1/T57T, i.e., the
NFL state, seems to be independent of H.

161110-2



ANISOTROPIC ENERGY SCALE FOR DEGENERATE FERMI ...

100 ¢ .(. ), e S
Fo@ O 031T: T, ]

i H/a v 0.45T: T ]

1 v 045T: T,

10 ! A 066T: T3

~ E A 0.66T: Ty ]

[ %& 38T:Tys A

T ﬁ AAAA 38T:T, |

Z1E e A0 T2TTy 3

£ 79°9° @omos 4 ]

0.1k

0.01 [ ERTIT B R AT TTT] B S AR A TIT B I AT T1T] B

0.1 1 10 100
1 T (K)

OB o B L B AL I ELLLL .~
H//a
) 0.66 T ]

10° F E

~ f T ]

£ [ 10— ]

g 3 2

E 100 F E 1L H//a E

2 F 2 E

3 S ok 0.676TT | 1
-3 i

10’4 3 0.01 + 3
0.001 Ll
I 0.1 1 ()10 ]

10-5 Ll Lo annl roannl Ll L

0.1 1 10 100

T (K)

FIG. 3. (Color online) (a) T dependence of 1/ T sT (NFL state)
and 1/T,, T (FL state) at different fields (listed in the figure). Down
to ~0.1 K no clearly resolved separate decay curves have appeared,
whereas the unique 7(=T;,.) depends on H. As T decreases below
~0.1 K at low fields, distinct values are resolved for 1/TisT and
1/T,,T. The experimental error for 1/7,sT is large for T above
~0.1 K. At the highest field, 7.2 T, only 1/7;,T appears. (b) T
dependence of squared static susceptibility x> at 0.66 and 7 T for
H||a with the same scale of T as in (a), suggesting a simple density-
of-states mechanism for the field dependence of T, . The inset shows
T dependence of the static susceptibility x, for the same data.

In general, 1/ T, T is related to the dynamical susceptibili-
ties Im x (g, w,) [21],

V(T T) =2y Y AX@)Im x(g,0,) /.

q

3

Here, A(g) is the transferred hyperfine coupling tensor at
the Si site, and w,/27w = y,H/2mw is the NMR measure-
ment frequency (~MHz). The spin-lattice relaxation of the
2Si is mainly driven by magnetic fluctuations at the Yb
sites conveyed by transferred hyperfine couplings. Therefore,
1/ T T is a direct measure of Im x (g,w,), i.e., of the magnetic
excitations at the YD site.

In our earlier report [16], it was stated that FL exci-
tations may originate near the ferromagnetic wave vector
g ~ 0; in contrast, the NFL excitations may arise with an
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FIG. 4. (Color online) (a) T dependence of R at different fields.
As shown, the experimental error at high temperatures is large, thus
clearly resolved finite R is only considered to appear below ~0.1 K.
(b) Scaling plot for H ||a and H ||c cases. R obeys the scaling relation
Rt ~ ®;(h/t>3). The solid line represents the scaling function @,
obtained for the H ||c case [16]. The dashed line represents the scaling
function &, for the present H|la case, which merges into &, for
h/t*> > 10%. Here we adopt the estimates 7./ T} = HI/H} = 10.
As temperature and field units, 7/ = 1 K and H] = 1 T are employed
tentatively.

antiferromagnetic wave vector ¢ > 0 in the vicinity of the
antiferromagnetic ordering. Along with the static susceptibility
Xa at g = 0, which decreases with increasing H ||a [Fig. 3(b)],
the ferromagnetic Im x (¢ ~ 0,w,) that drives 1/7,,T is also
presumed to decrease with increasing H |a. Consequently,
the FL excitations (1/Ty,T) around g ~ O show a similar
field dependence. Actually, a similar field dependence of
ferromagnetic excitations is observed in neutron scattering
measurements [11]. On the other hand, the present field-
independent NFL excitations (1/7;s7T) indicate that antifer-
romagnetic Im (g > 0,w,) is independent of H||a (as well
as for H||c [16]).

Figure 4(a) displays the measured H,T dependence of R
[see Eq. (2)]. Considering experimental error, a clear NFL
branch appears only at 7 < 0.1 Kand H < 0.66 T. Although
1/T1sT from the NFL region is insensitive to the applied field
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as mentioned above, the NFL fraction is suppressed rapidly by
H ||a. From the scaling relation discussed below, a thoroughly
mixed, nearly degenerate, i.e., R ~ 1, state for Hla is
expected to appear below 20 mK and 0.2 T. Experimental
results at such a low temperature are unfortunately rather
limited, since the lowest possible temperature in a typical
dilution refrigerator is ~10 mK without excitation sources
for measurements.

In the previous study [16], the scaling relation RT =
®(H/T?*?) was found to hold for the case of H||c at low
temperatures. The same scaling relation may be adopted for
the present case of H ||a if normalized variables temperature ¢
and field & are used, i.e., .

Rt ~ ®;(h/t>5), t=T/T), h=H/H, (4
where ©;, TiT, and HIT (i: a,c axes) are the scaling func-
tion, characteristic temperature, and field for the cases of
H|\a,c, respectively. As shown in Fig. 4(b), the present ®,
seems to merge into the previous &, at low temperatures,
i.e., above h/t*5 ~ 102, if T, ~ 10T, and H/ ~ 10H, are
assumed. Below h/ 125 ~ 10%, &, and @, diverge, proba-
bly due to crossover effects. Unfortunately, measurements
above h/t*3 ~ 10? are difficult for the case of H|a, since
temperatures below 20 mK are necessary. As pointed out
previously [1,4], the phase diagram of YbRh,Si, for Hla
coincides with that for H||c if the magnetic field scale is
multiplied by ~11 (Fig. 1). The present scaling behavior is
consistent with this fact.

Although the origins of degenerate coexisting states and of
the scaling law are still unclear, the present study confirms that
the proportion of NFL to FL states R shows similar contrasting
energy scales with field orientation as the previously measured
physical properties around the QCPT [1,12]. This observation
strongly suggests that the quantity R relates directly to
quantum criticality in YbRh;Si,. As previously described [16],
the two-fluid model [22] can reproduce the T dependence of
R phenomenologically [solid line in Fig. 4(b)]. The locally
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critical model [8], the strong coupling critical model [23],
and the quantum tricritical model [24] imply the coexistence
of two different excitations. However, they do not envision
the occurrence of separate regions of the sample that embody
those two types of excitation, as we report here and in our
previous paper [16]. Thus, no explicit prescription for R has
been proposed. In any case, a more detailed microscopic theory
for the coexisting states is greatly desired.

A confirmation of the coexisting states in transport and
macroscopic measurements may be difficult to achieve, since
contributions from the FL and NFL states are averaged. In
contrast, microscopic electron spin resonance (ESR) [25] and
Mossbauer [26] measurements probe localized and itinerant
states. It may be useful to analyze microscopic muon spin ro-
tation (uSR) relaxation curves in a single crystal sample based
on the coexistence picture; up to now, only measurements in a
powder sample have been reported [27].

Recently, it was reported that the appearance of heteroge-
neous electronic states can be controlled by pressure around
a QCPT in Cd-doped (i.e., disordered) CeColns [28]. Even
in very pure samples of URu,Si,, a heterogeneous “hidden
order” state appears as a result of low level disorder [29].
The relation between electronic heterogeneity and low level
disorder in pure YbRh;Si, could also be profitably addressed.

Finally, the valence states of Yb might also be different:
YbG—9* for the FL state and Yb>* for the NFL state, so that the
QCPT of YbRh,Si, may be near a valence instability [30]. In
this context, it would be crucial to identify the order parameter
of the ordered state in order to elucidate the exotic QCPT.
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