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The authors report 2?Si nuclear spin-echo oscillations and decay measurements on a single crystal of YbRh,Si,.
These quantities are found to be 7 independent from 300 K down to ~20K, showing, however, a strong T
dependence below 20 K. These results indicate that electronic states near the Fermi level are modified at low
temperatures. The observed spin-echo oscillations can be interpreted with the Ruderman-Kittel and pseudodipolar
interactions between nearest-neighbor Si nuclei driven by conduction electron scattering at the Fermi surface.
Possible modifications to the Fermi surface at low temperatures are discussed.

DOLI: 10.1103/PhysRevB.95.195121

I. INTRODUCTION

The field-induced quantum critical phase transition (QCPT)
in YbRh;Si, at a critical field H, is not the usual case of
spin-density wave instability observed in Ce-based compounds
[1,2], but instead is a candidate for the locally critical QCPT
case [3-5]. A strong-coupling model has also been proposed to
be relevant [6]. A sudden change of Fermi-surface volume has
been suggested theoretically [5] in the vicinity of the locally
critical QCPT. In fact such a change of Fermi surface has
also been suggested by transport measurements [7—10]. In
addition, the Fermi surface is easily modified under magnetic
field far above H, through a Lifshitz-type transition [11-14].
Furthermore, the electronic properties are quite sensitive to the
valence of Yb [15,16]. Recent angle-resolved photoemission
spectroscopy (ARPES) measurements on YbRh;Si, indicated
no drastic change of Fermi surface near the QCPT with
decreasing temperature down to 1 K [17]. In contrast, heavy
quasiparticle formation with change of Fermi surface was
observed below 50 K in ARPES measurements using a laser
photon source [18]. As described above, the precise nature of
the Fermi surface of YbRh,Si, remains controversial.

In our previous papers [19,20], coexisting static Fermi-
liquid (FL) and non-Fermi-liquid (NFL) states near the QCPT
in YbRh,Si, were brought to light by means of 2°Si nuclear
spin-lattice relaxation time (77) studies with H || a and ¢ axes.
The latter results may be related to localized character and
valence instability of 4 f electrons in YbRh,Si,.

In the present investigation, 2°Si nuclear spin-echo decay
and oscillations are measured in YbRh,Si, in order to probe
changes in the electronic structure as a function of temperature.
Observed strong modification of these quantities, especially of
oscillations below 20 K, indicates a modification of electronic
states at the Fermi level.

Ruderman and Kittel showed that conduction electrons
induce an indirect scalar interaction between neighboring
nuclear spins in metals. This is now well known as the
Ruderman-Kittel (RK) interaction [21]. Subsequently, Bloem-
bergen and Rowland pointed out the existence of a similar
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pseudodipolar (PD) indirect nuclear spin-spin coupling [22].
At the present time, RK and PD interactions are the only
well-established origins for (I = 1/2) nuclear spin-echo os-
cillations in metallic systems. These interactions are known
to be sensitive to modifications of electronic states near the
Fermi level, since they arise through hyperfine couplings with
conduction electrons. In fact, previously observed spin-echo
oscillation results have been interpreted based on the RK-PD
model, and the character of the Fermi surface has been
discussed [23-25]. More recently, a combination of NMR
data and direct calculations has been employed to study
indirect nuclear spin-spin couplings and the bulk electron
states that give rise to them in the topological insulator
BigSe3 [26]

The present results are interpreted in the framework of the
RK-PD model, which is considered to be basically correct for
heavy fermion systems, whereas the ingredients of indirect
nuclear spin-spin coupling may be difficult to identify due
to heavy conduction-band formation and the related complex
nature of the hyperfine interactions. Tentatively, a possible
modification of Fermi surface for the observed 7' dependence
of the spin-echo oscillation frequency is presented in this paper,
based on a simplified picture.

By way of introduction, we note that the YbRh,Si,
lattice presents nearly ideal circumstances for measuring
the total spin-spin coupling between nearest-neighbor (NN)
2Si pairs using NMR techniques. The crystal structure of
YbRh,Si, is shown in Fig. 1. The Si lattice sites in this
structure occur in NN pairs—two pairs per unit cell separated
by a vector R oriented along the ¢ axis—that are rather
closer together than second, third, etc., neighbors. As a
result, the NN spin-spin couplings play a major role in
the ¥Si (I = 1/2, y/(27) = 845.77 Hz/Oe) spin-echo decay
process. There are other circumstances that were also key to the
success of this investigation. First, the measured *°Si linewidth
y AH/2m ~ 9 kHz reveals a modest level of inhomogeneous
line broadening that is evidently a consequence of disorder. As
will be clear in the technical discussion below, this broadening
renders the spin-spin couplings among the *°Si completely
static, a condition required for the observation of oscillatory
modulation of spin echoes [24].

Second, isotopic enrichment of the °Si nuclear species
not only greatly increases the NMR signal amplitude, but

©2017 American Physical Society
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FIG. 1. Crystal structure (/4/mmm) of YbRh,Si,. The nearest
neighbors (NNs) among Si sites are indicated by the red arrow with
the NN distance R = ro; = 2.39 A.

also gives rise to a substantial fraction of *Si NN pairs that
are in this case the sole source of spin-echo oscillations. At
a concentration ¢, the fraction of NN pairs that are both
occupied with 2Si is ¢2, the fraction that are unoccupied is
(1 — ¢)?, and the fraction that is singly occupied is 2¢(1 — ¢).
Thus, the fraction of 2°Si which have a NN spin, allowing
them to contribute to the spin-echo oscillation amplitude, is
simply ¢, which is 0.52 in the present case. The fraction
without a NN spin is therefore 1 — c¢. Actually, the spin-echo
oscillation amplitude is ~10 times smaller in sample with
natural abundance of the %°Si, i.e., ¢ = 0.047. By measuring
the echo oscillation frequency it is possible to monitor the
magnitude of their indirect spin-spin couplings and how they
vary with temperature. Such measurements reveal significant
changes in the electronic state at low temperatures that occur
in the vicinity of the QCPT in this system.

II. NMR SPIN-ECHO DECAY

The spin-echo amplitude m(27) decays with increasing time
interval T between the first (;r/2) and second (77) excitation
pulses as a result of nuclear spin-spin interactions (Fig. 2).

n/2-pulse m-pulse Spin-echo
t
—> —>
T T

FIG. 2. Schematic description of nuclear spin-echo formation.
The 7/2 pulse rotates the nuclear magnetic moments by 90°, the =
pulse by 180°.
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Generally, the T dependence of m may be expressed as

m(27) 2t 1(21: )2
Rexpy—m — | =—

m(0) T 2\Tx

X [ foon + fose W(2T)], (D

where fose = ¢ =0.52 and foon = 1 — fosc = 0.48 are the
estimated fractions of the echo signal that do and do not os-
cillate, respectively, during the echo decay. Also, 27/ T is an
exponential relaxation term in the exponent, represented here
by spin-lattice relaxation time 77 data from previous studies
[19,20,27]. T is a Gaussian model spin-spin relaxation time,
which approximately represents the collective relaxation effect
of 2%Si beyond the first neighbor shell. W(27) is a fractionally
oscillatory echo-modulation factor which is the main focus of
our study. See Sec. V for more details.

As shown in Fig. 1, there is a single NN site for each Si. (Ina
previous paper [28] a case with four NN sites was erroneously
discussed for this system.) Consistent with the RK-PD model
(see Sec. V A) for the single NN site case, W(27) is well
fitted in the present case with a single oscillation frequency
Ga,c,

W(Q2t) = cos(2nG,7) for H || a: 0 = %,
WQ2t) = cosnG.t) for H || c: 6 =0, 2)

where 6 is the angle between the ¢ axis and magnetic field.

III. EXPERIMENT

Single crystals of YbRh,Si, were grown with the »Si
isotope enriched to ¢ = 52%, improving the NMR sensi-
tivity by a factor ~11 by the In-flux method previously
described [19]. High sample purity was confirmed by the
small residual resistivity oo ~ 0.99 €2 cm and the large RRR
value =p(300 K)/p(2 K) = 104. No magnetic impurity phase
was detected in magnetic susceptibility measurements. The
antiferromagnetic phase transition was observed near 80 mK
in zero field.

A single-crystal specimen (6 x 3 x 0.1 mm?®) was mounted
in a *He cryostat with an NMR pickup coil. The present
measurement has been done under an applied field H = 7.2 T.
In YbRh,Si, Ty [19,20] and T, decrease with decreasing
applied field. Thus, the applied field H = 7.2 T employed for
the present study was chosen so that 77 and T, would be
long enough to allow precise determination of echo oscillation
frequencies. Using a standard 7 /2 — 7 pulse sequence, the
spin-echo intensity m(2t) so generated was measured as a
function of the time t between the pulses to record the
spin-echo decay (see Figs. 2 and 3). Here, a typical 7/2
pulse width was 4-5 usec. Since the resonance linewidth is
rather narrow (e.g., ~9 kHz at 7.2 T), all nuclear spins in the
spectrum were quite uniformly excited by the radio frequency
pulses used. The pulse repetition time #,.,was adjusted to be
much longer than the previously determined 77 [19,20].

Spin-echo oscillations due to RK and PD interactions occur
if local inhomogeneous broadening is larger than the indirect
RK and PD interactions [24]. This is clearly the case, since
the observed inhomogeneous linewidth ~9 kHz at 7.2 T is
much larger than the estimated G, .. Moreover, the echo
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FIG. 3. 27 dependence of m(2t)/m(0) for H || a and c axes at 7
and 100 K. Solid lines are obtained using LS curve fitting for Eqgs. (1)
and (2). Previously measured 7; values for H || a and ¢ axes are
adopted respectively here [19,20]. Parameters obtained from the fits,
ie., 1/Tr6a. and G, ., are presented in Fig. 5.

relaxation process appears to be caused entirely by reversal
of neighboring nuclear moments by the rephasing pulse. That
is clear, because when the rephasing pulse angle is small (see
Fig. 4), T becomes very long. Thus, any genuinely dynamic
transverse relaxation is very long, indeed.

IV. SPIN-ECHO DECAY RESULTS

A. T dependence of spin-echo decay

Figure 3 shows the spin-echo decay results for YbRh;Si,
with H || a and ¢ axes. As shown in the figures, the experi-
mental results can be fitted well using Egs. (1) and (2), taking
account of fractional occupation for *’Si. The T dependence
of G, and G, as well as that of 7,5, and T»s., have been
measured for H || a and H || c, respectively. For this analysis,
previously determined 7} values for H || a and ¢ axes have
been adopted from [19] and [20], respectively.

Figure 4 shows spin-echo decay results with different
refocusing-pulse angles for H = 7.2 T || ¢ axis at 100 K. As
the refocusing pulse width decreases, the spin-echo decay
becomes slower, indicating that the spin-echo decay process is

PHYSICAL REVIEW B 95, 195121 (2017)
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FIG. 4. Spin-echo decay curves with different pulse sequences for
H =72T| caxis at 100 K. As the second pulse angle decreases,
the spin-echo decay time becomes substantially longer, indicating that
the spin-echo decay is static, i.e., driven by the rephasing pulse, aside
from the T} process. For the 7w /2 — 7 pulse sequence, the echo-decay
curve is independent of pulse width (8us > 7 /2 > 4us), i.e., the
strength of radio-frequency field, under conditions where all nuclei
are uniformly excited.

dominated by pulse modulation of static couplings, except for
the (weak) T relaxation process. In this situation, the echo is
relaxed by the reorientation of neighbor spins by the refocusing
(second) pulse [29]. These measurements confirm that the echo
oscillations are not affected by other dynamical fluctuations,
and Tj; can be replaced approximately by 7. In addition, if
the spin-echo intensity is optimized with a 7 /2 — 7 sequence,
the spin-echo decay curve is independent of pulse width, i.e.,
strength of radio-frequency field, on condition that all nuclei
are uniformly excited (Fig. 4).

Figures 5(a) and 5(b) show the T dependence of
1/T», G4 . From T =300 K down to ~20 K, G, and
G, are almost 7 independent. In contrast, a strong T
dependence appears below 20 K, indicating that the indirect
spin-spin coupling is 7 dependent at low temperatures. As
the indirect nuclear spin-spin coupling is induced through
(heavy) conduction bands, the present observation is naturally
explained by a modification of electronic states at the Fermi
level below 20 K.

Actually, a shoulder structure has been found below ~20 K
in the T dependence of the Hall coefficient [30]. In addition, for
the Seebeck coefficient S, d*S/dT? was reported to become
negative below ~20 K [31], also T dependence of 1/7(w)
starts to deviate from the usual Drude behavior below 20 K in
optical conductivity measurements [32]. The inset to Fig. 5(a)
shows the T dependence of 1/T\T below 100 K [19,20].
It seems that d>(1/T,T)/dT? ~ d*Imy /dT? also becomes
negative below ~20 K (Imy is the dissipative term of the
dynamic susceptibility). These behaviors can be related to
the observed modifications of G, ., as these coefficients are
sensitive to the electronic state at the Fermi level. Further
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are coordinated. Although the sign cannot be determined, it is revealed
that |J| increases with decreasing 7. Inset to (a): 7 dependence
1/T\T for H | a,c axes.

discussion concerning modifications of the Fermi surface will
be given in Sec. V.
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B. T dependence of 1/ T5¢

As shown in Fig. 5(a), 1/ T increases with decreasing
T, especially for the case of field H || a. We suggest that
temperature changes in G, . should be accompanied by similar
changes in the more distant coupling parameters [see Jo ;i
in Eq. (7)]. Because T,; decay is driven by inversion of
neighboring *Si spins by the refocusing pulse as in Fig. 4,
we believe this process to be dominated by couplings with the
12 neighbor sites that lie within a range of 4 A<y i <5 A.
These provide a distribution of couplings that are random in
sign which, by the central limit theorem, yield an essentially
Gaussian broadening effect. Such a distribution, when Fourier
transformed, yields a result of the form of Eq. (1). With
more detailed modeling of the indirect couplings, it should
be possible to estimate Tp; in this fashion and relate its
temperature dependence to that of G, .. In the meantime the
form of this result is known, and its qualitative behavior is seen
to be similar to that of G, and G, as expected.

V. ANALYSIS BASED ON THE RK-PD MODEL

In this section, the observed 7 dependence of G, . is
interpreted based on the RK-PD model. At first, T dependence
of RK interaction J and PD interaction B is estimated from
Gg.c. Then the T dependence of J and B is assumed to be
attributed to a modification of the Fermi surface. Based on this
simplified picture, possible modification of the Fermi surface
is discussed.

A. Modulation of the spin-echo decay ascribed
to RK and PD interactions

It is well known that the RK and PD interactions can induce
oscillations in the spin-echo decay curve [24,25]. In metals
the indirect RK interaction between nuclear spins I;,I; occurs
through second-order scattering of conduction electrons [21],
taking the scalar form

HJIZJUI,"IJ'. (3)
i>]

In addition and in contrast to the RK term, the PD interaction
is a tensor quantity [25],

HBZZBij(Ii'Ij_yfIkZ)’ @
i>j
Bj = 3bij(3cos’6;; — 1), ©)

where 6;; is the angle between 7;; and the applied magnetic
field, 7;; being the radius vector from the ith to the jth nucleus.
b;; is the effective coefficient for an indirect dipolar form of
interaction B;; between the ith and jth nuclear spins. Thus, the
PD interaction depends on the direction of the applied field.
A complete formulation of the decay and modulation of
free-induction and spin-echo signals has been given by Alloul
and Froidevaux (AF) [25]. As will be demonstrated below, the
T, process for this system is driven exclusively by nuclear-
spin inversion of neighbor spins having significant spin-spin
coupling, as described by (3) and (5). In such a case and with
spins 1 = 1/2, the AF calculation gives the following exact
result for the echo decay wave form of a nuclear spin “0” at

195121-4



T DEPENDENCE OF NUCLEAR SPIN-ECHO DECAY AT ...

the origin.

mQ2t) =Y ;.0 cos(2 Jo; ), (6)
A

where index zero refers to the relaxing >Si spin at the origin,
and ), indicates a normalized sum over all configurations of
neighbor spins given a concentration ¢ of *°Si, and where

hdo; = Joj + (boj — R*y?rg;)(1 = 3cos’6p;). ()

The second term in the parentheses is the classical dipole-
dipole interaction between spins at the Oth and jth sites, which
is of comparable magnitude to the PD coupling.

The first cosine factor in the indicated product in Eq. (6)
represents the effect of °Si NN pairs in the YbRh,Si, lattice, to
which we ascribe all of the oscillatory behavior observed in our
spin-echo decay data. We carry out the statistical sum over NN
sites and introduce special parameter definitions for NN sites as
follows: Thus, hJ = Jo1, hB = by, 27 By = hiy?’R™3, R =
ro1, and 8 = 6y, whereupon Eq. (6) can be rewritten as

m(27) = (2c*cos[2n{J + (B — B.)(1 — 3cos’6)}7]
+2¢(1 = 0)) > T yc08(2m Jo, 7). )
A

In the latter expression, the prefactor cosine term o 2¢?
describes oscillations from NN pairs that are expected to
modulate the echo decay wave form, while the 2¢(1 — ¢) term
is the portion of the wave form from singly occupied pair
sites that does not oscillate. The summation ) , describes
the part of m(27) that is represented in Eq. (1) by the factor
exp{—0.5(21/T»;)?}. Below, the 2¢? term in the prefactor
of Eq. (8) is fitted to spin-echo oscillation data to extract
experimental values of J and B as a function of temperature.
Meanwhile, the oscillatory modulation factor in Eq. (1) (square
brackets) is identified as the quantity in angle brackets in
Eq. (8) that includes the singly occupied NN pair sites that
make no contribution to echo oscillations.

In this frame, the obtained G, . [see Eq. (2)] of YbRh,Si,
may be expressed,

Gazi(J~|—B—Bd):9=%,

G.=+(J —2B +2B,): 0 =0. ©)

While technically there appear to be four possibilities in
Eq. (9), physically only two are allowed, namely both (+)
and both (—). Which of these is applicable can only be
decided by other considerations, but is not required for a fit to
our experimental data. The classical dipolar parameter B,; is
estimated to be 347 Hz using R = 2.39 Ain YbRh,Si,.

B. T dependence of J and B

As shown in Fig. 5(c), J and B are estimated using relations
J=+22G,+ G.)/3 and B = (G, — G.)/3 + B, where
the double signs are coordinated. There are two cases, case |
where J =2G,+G.)/3 and B =(G,—G.)/3+ By,
and case II, where J=-2G,+G.)/3 and
B =(G.—G,)/3+ By. It should be noted that this
behavior can be field dependent [12], though details of this
effect are beyond the scope of this paper. For both cases I and

PHYSICAL REVIEW B 95, 195121 (2017)

IL, |J| increases with decreasing 7. The amount of change
of J and B below 20 K, i.e., AJ = |J(2 K) — J(20 K)| and
AB = |B(2 K) — B(20 K)|, show a similar dependence on
T, suggesting that the origin of these changes may be similar.
In contrast, B increases for case I, but for case II it decreases
with decreasing T. This difference is discussed below. In
addition, 1/7T,¢ increases with decreasing 7', indicating that
changes of J and B lead to changes in the couplings Jy ; for
more distant neighbors as well.

As J and B are sensitive to the character of the Fermi
surface [22], the present results can be attributed to a
modification of the Fermi surface below 20 K. In addition
to the field-induced Lifshitz transition previously confirmed in
YbRh,Si, [11-13], one possible origin for this modification
may be a temperature-induced Lifshitz transition, such as that
observed, e.g., in WTe, [33].

On the other hand, modification of the Fermi surface due
to a heavy quasiparticle band formation has been indicated
below 50 K in previous ARPES measurements [18]. Thus, this
heavy quasiparticle band formation is another possible origin
for the modification of J and B. It is also consistent with the
previously estimated Kondo temperature 25 K [31].

In contrast with the foregoing, no overall modification
of the Fermi surface has been observed in recent ARPES
measurements [17]. If the latter outcome holds up, then
attribution of the observed 7T dependence of J and B to
modifications of the Fermi surface would appear to contradict
such a result. However, considering the following point, we
think that there is not necessarily a contradiction here. The
RK interaction between local Si sites is considered to occur
via particular regions of the Fermi surface. Thus, the present
results do not necessarily indicate an overall modification of
the Fermi surface. The characteristics of such regions are
discussed below.

C. Change of J and B due to Fermi-surface modification

The RK coupling J is related to electronic states at the
Fermi level as follows [21,22]:

hJ = Co(Aj),, Fotkr), (10)
AG = uplrug (ru(rul(ry) = up(r) up(ri)*,  (11)

Fo(kp) = 2kp Rcos(2kp R) — sin(2kp R), (12)
where r; and r; are NN Si sites; e™*"u,(r) is a typical Bloch
function indexed by k; k is the Fermi wave vector; Cy is a
parameter that is considered to be nearly 7" independent (see
the Appendix); k and k’ are occupied and unoccupied states,
respectively, near kr. As r; and r; are identical sites in the
present case, Eq. (11) can be simplified. A% may correlate with
the density of states at the Fermi level. Fy(kp) represents the
oscillatory character of the RK interaction as shown in Fig. 6.

On the other hand for the parameter B, expansion of the
Bloch states in spherical harmonics [34] may be useful. Thus,

u(r) = uf(r)Po + ike i (r) Py (cost,)
— k2 coui(r) Pa(cosbry) + -+ (13)

Pi(cosbiy) = ZM=L ,(=1)" P"(cosby,), (14)

m=—

195121-5
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where the c;, > 0 are constants determined near k = 0. P"
is the associated Legendre function; 6, is the angle between
k and r; ui(r) is the coefficient for the P; term (Py = 1). The
Py, Pi,and P, terms represent the s, p, and d orbital character
of uy(r), respectively. Then B is expressed in terms of u; (r)
and ul(r) as

hB = C\(A}), Fitkp) + CoAZ)), Fa(kr)

+ C3(A§2>EFF3(kF), (15)
kFR
Filkp) = / (sinx — xcosx)(cosx — xsinx)xdx, (16)
0
kFR
Fy(kp) = / cosx{(—x? + 3)sinx — 3xcosx}xdx, (17)
0
kFR
Fs(kp) = / sinx{(—x? + 3)cosx + 3xsinx}xdx, (18)
0
A = uk(ri)uk/(ri)/ A uyt (g (ryr—dr, (19)
0
AL = u(ry)ug(ri) /0 ulr (ryud(ryr=dr, (20)
A2y = w(ri)ug(ri) /0 upt (rul(ryrdr, (1)

where rg is the radius of the Wigner-Seitz sphere; C;_3 are
constants which are considered nearly T independent (see
the Appendix). It should be noted that estimates of C;_3 are
beyond the scope of this paper.

Figure 6 shows the kr dependence of F ; 3(kp). Regardless
of kp, F3 is positive, whereas F; and F, are negative. As
regards the T dependence of B for cases I and II, the positive
third F3 term in Eq. (15) becomes dominant, compared with
the negative first (F;) and/or second (F3) terms in Eq. (15)
below 20 K, or vice versa.

Although certain Fermi surfaces have not yet been observed
in de Haas-van Alphen (dHvA) effect measurements at 7 =
30 mK and field values above 16 T [16], the observed kf
is=1~3x%x10"m1, leading to Rkr = 2-7. Even if this
value of Rkp is relevant for the present result, it is difficult to
tell the sign of J from Fy in Fig. 6 considering the uncertainty
of the value of Rkr. Nevertheless, if the overall Fermi surface
is unchanged [17], the value of kr, and thus the values of Fy 3
are considered to be essentially unchanged in the paramagnetic
state down to 70 mK. Therefore, the present T dependence for
B can be attributed to the fact that the dominance among the
A(ij, Af,, and A§1 is T dependent below 20 K at 7.2 T for
certain bands which give efficient contributions to the electron
density of states at the Si site. As AJ and AB show similar
T dependence, the T dependence of A% for |J| may be due
to the modifications of A§12 and (Ai, Afﬂ), which is natural
since AJ correlates with the total density of states at the Fermi
level.

Atthe Si site, Aé may be mainly due to the atomic 2 p orbital
of Si; in contrast, hybridization between the 25,2 p orbitals of
Si, 4d orbitals of Rh, and 4 f orbitals of Yb is necessary to
induce a A2, , term.

The present results can be attributed to that the Fermi sur-
face that depends on these hybridizations has a T dependence
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below 20 K. If heavy quasiparticle band formation [18] is the
case, kr can be T dependent, which can induce a modification
of J and B in addition to the mechanism described above.
At present, unfortunately, more concrete changes of the Fermi
surface cannot be specified from this result.

Since the present measurements reflect the local electronic
state at the Si site, the observed change of electronic state
could be largely local. This may be only weakly sensed by
k-space probes, since a local change might only correspond
to a small modification over a broad region of k space. The
absence of overall change of Fermi surface in the ARPES
measurements [17] could be explained by this picture. In fact,
the Fermi surface seems to appear differently, depending on
the experimental probe up to now. This sort of complexity
could be partly due to such a particular nearly localized state.

LDA band calculations could not well reproduce the dHvA
measurements [16], which may be consistent with a possible
nearly localized electronic state of YbRh,Si,, since the simple
LDA method is not ideal for a localized state. In order to
clarify this situation, a comparison of experimental results
with a calculated T dependence for the bands using, e.g.,
advanced DMFT methods [35] may be quite useful, since
the T dependence of A%, pdi,a2 could then be discussed
quantitatively.

VI. CONCLUSION

The ?’Si nuclear spin-echo oscillations and T»; show
clear strong 7' dependence at low temperatures in YbRh,Si,,
indicating that the electronic state at the Fermi level starts
to change below 20 K. This energy scale is consistent with
other previous measurements, which may be characterized
by the Kondo temperature 25 K. However, the corresponding
change of Fermi surface may be peculiar in YbRh,Si, due
to a nearly localized electronic state, which is considered to
be related with the possibly exotic QCPT. As the observed

PHYSICAL REVIEW B 95, 195121 (2017)

spin-echo decay curve can be explained by the RK-PD model,
the description via the RK-PD model appears to be valid for a
heavy fermion system.
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APPENDIX

The constants in Egs. (10) and (15) are expressed as follows
[22]:

m' 167gn BB\
Co = , Al
0 25n3ﬁ2R4< 3 A
8m'cic) 16mwg(gnBnB)?
C = bl A2
' T 157252 R6 3 (A2
C,=-2 ¢ (A3)
2_4c1c’1 b
ch
Cy=—=0(,, (AD)
2

where m’ is the effective cyclotron mass of the electron; g and
g are the g values of nuclei and electrons, respectively; 8 and
By are the electron and nuclear Bohr magnetons, respectively;
the ¢/ , are constants in Eq. (13) for the u state. If we take m’
to be the electron rest mass, Cy is found to be 2 x 10739 J ~
3 x 10° Hz. Then, for tentative reasonable values |Fy| = 1
and (A%)EF =0.1, |J| = C0|F0|(A(2))EF is found to be ~ 3 x
10% Hz, which is comparable with the observed |J|. On the
other hand, C|_3 cannot be estimated, since ¢, and ¢} , are
unknown. ,

[1] T. Moriya and T. Takimoto, J. Phys. Soc. Jpn. 64, 960 (1995).

[2] A.J. Millis, Phys. Rev. B 48, 7183 (1993).

[3] P. Gegenwart, Q. Si, and F. Steglich, Nat. Phys. 4, 186 (2008).

[4] Q. Si, S. Rabello, K. Ingersent, and J. L. Smith, Nature (London)
413, 804 (2001).

[5] P. Coleman, C. Pépin, Q. Si, and R. Ramazashvili, J. Phys.:
Condens. Matter 13, R723 (2001).

[6] E. Abrahams, J. Schmalian, and P. Wolfle, Phys. Rev. B 90,
045105 (2014).

[7] S. Paschen, T. Lithmann, S. Wirth, P. Gegenwart, O. Trovarelli,
C. Geibel, F. Steglich, P. Coleman, and Q. Si, Nature (London)
432, 881 (2004).

[8] S. Friedemann, T. Westerkamp, M. Brando, N. Oeschler, S.
Wirth, P. Gegenwart, C. Krellner, C. Geibel, and F. Steglich,
Proc. Natl. Acad. Sci. USA 107, 14547 (2010).

[9] J. Custers, P. Gegenwart, H. Wilhelm, K. Neumaier, Y. Tokiwa,
O. Trovarelli, C. Geibel, F. Steglich, C. Pépin, and P. Coleman,
Nature (London) 424, 524 (2003).

[10] H. Pfau, S. Hartmann, U. Stockert, P. Sun, S. Lausberg, M.
Brando, S. Friedemann, C. Krellner, C. Geibel, S. Wirth,

S. Kirchner, E. Abrahams, Q. Si, and F. Steglich, Nature
(London) 484, 494 (2012).

[11] Y. Machida, K. Tomokuni, C. Ogura, K. Izawa, K. Kuga, S.
Nakatsuji, G. Lapertot, G. Knebel, J.-P. Brison, and J. Flouquet,
Phys. Rev. Lett. 109, 156405 (2012).

[12] A. Pourret, G. Knebel, T. D. Matsuda, G. Lapertot, and J.
Flouquet, J. Phys. Soc. Jpn. 82, 053704 (2013).

[13] H. R. Naren, S. Friedemann, G. Zwicknagel, C. Krellner, C.
Geibel, F. Steglich, and S. Wirth, New J. Phys. 15, 093032
(2013).

[14] G. Zwicknagel, J. Phys.: Condens. Matter 23, 094215 (2011).

[15] P. M. C. Rourke, A. McCollam, G. Lapertot, G. Knebel, J.
Flouquet, and S. R. Julian, Phys. Rev. Lett. 101, 237205 (2008).

[16] G. Knebel, R. Boursier, E. Hassinger, G. Lapertot, P. G.
Niklowitz, A. Pourret, B. Salce, J. P. Sanchez, I. Sheikin, P.
Bonville, H. Harima, and J. Flouquet, J. Phys. Soc. Jpn. 75,
114709 (2006).

[17] K. Kummer, S. Patil, A. Chikina, M. Giittler, M. Hoppner, A.
Generalov, S. Danzenbicher, S. Seiro, A. Hannaske, C. Krellner,
Yu. Kucherenko, M. Shi, M. Radovic, E. Rienks, G. Zwicknagl,

195121-7


https://doi.org/10.1143/JPSJ.64.960
https://doi.org/10.1143/JPSJ.64.960
https://doi.org/10.1143/JPSJ.64.960
https://doi.org/10.1143/JPSJ.64.960
https://doi.org/10.1103/PhysRevB.48.7183
https://doi.org/10.1103/PhysRevB.48.7183
https://doi.org/10.1103/PhysRevB.48.7183
https://doi.org/10.1103/PhysRevB.48.7183
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/35101507
https://doi.org/10.1038/35101507
https://doi.org/10.1038/35101507
https://doi.org/10.1038/35101507
https://doi.org/10.1088/0953-8984/13/35/202
https://doi.org/10.1088/0953-8984/13/35/202
https://doi.org/10.1088/0953-8984/13/35/202
https://doi.org/10.1088/0953-8984/13/35/202
https://doi.org/10.1103/PhysRevB.90.045105
https://doi.org/10.1103/PhysRevB.90.045105
https://doi.org/10.1103/PhysRevB.90.045105
https://doi.org/10.1103/PhysRevB.90.045105
https://doi.org/10.1038/nature03129
https://doi.org/10.1038/nature03129
https://doi.org/10.1038/nature03129
https://doi.org/10.1038/nature03129
https://doi.org/10.1073/pnas.1009202107
https://doi.org/10.1073/pnas.1009202107
https://doi.org/10.1073/pnas.1009202107
https://doi.org/10.1073/pnas.1009202107
https://doi.org/10.1038/nature01774
https://doi.org/10.1038/nature01774
https://doi.org/10.1038/nature01774
https://doi.org/10.1038/nature01774
https://doi.org/10.1038/nature11072
https://doi.org/10.1038/nature11072
https://doi.org/10.1038/nature11072
https://doi.org/10.1038/nature11072
https://doi.org/10.1103/PhysRevLett.109.156405
https://doi.org/10.1103/PhysRevLett.109.156405
https://doi.org/10.1103/PhysRevLett.109.156405
https://doi.org/10.1103/PhysRevLett.109.156405
https://doi.org/10.7566/JPSJ.82.053704
https://doi.org/10.7566/JPSJ.82.053704
https://doi.org/10.7566/JPSJ.82.053704
https://doi.org/10.7566/JPSJ.82.053704
https://doi.org/10.1088/1367-2630/15/9/093032
https://doi.org/10.1088/1367-2630/15/9/093032
https://doi.org/10.1088/1367-2630/15/9/093032
https://doi.org/10.1088/1367-2630/15/9/093032
https://doi.org/10.1088/0953-8984/23/9/094215
https://doi.org/10.1088/0953-8984/23/9/094215
https://doi.org/10.1088/0953-8984/23/9/094215
https://doi.org/10.1088/0953-8984/23/9/094215
https://doi.org/10.1103/PhysRevLett.101.237205
https://doi.org/10.1103/PhysRevLett.101.237205
https://doi.org/10.1103/PhysRevLett.101.237205
https://doi.org/10.1103/PhysRevLett.101.237205
https://doi.org/10.1143/JPSJ.75.114709
https://doi.org/10.1143/JPSJ.75.114709
https://doi.org/10.1143/JPSJ.75.114709
https://doi.org/10.1143/JPSJ.75.114709

S. KAMBE et al.

K. Matho, J. W. Allen, C. Laubschat, C. Geibel, and D. V.
Vyalikh, Phys. Rev. X 5, 011028 (2015).

[18] S.-K. Mo, W.S. Lee, F. Schmitt, Y. L. Chen, D. H. Lu, C. Capan,
D. J. Kim, Z. Fisk, C.-Q. Zhang, Z. Hussain, and Z.-X. Shen,
Phys. Rev. B 85, 241103(R) (2012).

[19] S. Kambe, H. Sakai, Y. Tokunaga, G. Lapertot, T. D. Matsuda,
G. Knebel, J. Flouquet, and R. E. Walstedt, Nat. Phys. 10, 840
(2014).

[20] S. Kambe, H. Sakai, Y. Tokunaga, G. Lapertot, T. D. Matsuda,
G. Knebel, J. Flouquet, and R. E. Walstedt, Phys. Rev. B 91,
161110(R) (2015).

[21] M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954);
it should be noted that the RK interaction between nuclear
moments here is different from the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction between electron magnetic mo-
ments.

[22] N. Bloembergen and T. J. Rowland, Phys. Rev. 97, 1679 (1955).

[23] R. E. Walstedt, M. W. Dowley, E. L. Hahn, and C. Froidevaux,
Phys. Rev. Lett. 8, 406 (1962).

[24] C. Froidevaux and M. Weger, Phys. Rev. Lett. 12, 123
(1964).

[25] H. Alloul and C. Froidevaux, Phys. Rev. 163, 324 (1967).

PHYSICAL REVIEW B 95, 195121 (2017)

[26] N. M. Georgieva, D. Rybicki, R. Guehne, G. V. M. Williams, S.
V. Chong, K. Kadowaki, I. Garate, and J. Haase, Phys. Rev. B
93, 195120 (2016).

[27] K. Ishida, K. Okamoto, Y. Kawasaki, Y. Kitaoka, O. Trovarelli,
C. Geibel, and F. Steglich, Phys. Rev. Lett. 89, 107202 (2002).

[28] S. Kambe, H. Sakai, Y. Tokunaga, G. Lapertot, T. D. Matsuda,
G. Knebel, J. Flouquet, and R. E. Walstedt, J. Phys. Conf. Ser.
683, 012006 (2016).

[29] R. E. Walstedt and S-W. Cheong, Phys. Rev. B 51, 3163 (1995).

[30] S. Friedemann, S. Wirth, N. Oeschler, C. Krellner, C. Geibel, F.
Steglich, S. MaQuilon, Z. Fisk, S. Paschen, and G. Zwicknagl,
Phys. Rev. B 82, 035103 (2010).

[31] U. Kéhler, N. Oeschler, F. Steglich, S. Maquilon, and Z. Fisk,
Phys. Rev. B 77, 104412 (2008).

[32] S. Kimura, J. Sichelschmidt, J. Ferstl, C. Krellner, C. Geibel,
and F. Steglich, Phys. Rev. B 74, 132408 (2006).

[33] Y. Wu, N. H. Jo, M. Ochi, L. Huang, D. Mou, S. L. Bud’ko, P.
C. Canfield, N. Trivedi, R. Arita, and A. Kaminski, Phys. Rev.
Lett. 115, 166602 (2015).

[34] J. Bardeen, J. Chem. Phys. 6, 367 (1934).

[35] G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O.
Parcollet, and C. A. Marianetti, Rev. Mod. Phys. 78, 865 (2006).

195121-8


https://doi.org/10.1103/PhysRevX.5.011028
https://doi.org/10.1103/PhysRevX.5.011028
https://doi.org/10.1103/PhysRevX.5.011028
https://doi.org/10.1103/PhysRevX.5.011028
https://doi.org/10.1103/PhysRevB.85.241103
https://doi.org/10.1103/PhysRevB.85.241103
https://doi.org/10.1103/PhysRevB.85.241103
https://doi.org/10.1103/PhysRevB.85.241103
https://doi.org/10.1038/nphys3101
https://doi.org/10.1038/nphys3101
https://doi.org/10.1038/nphys3101
https://doi.org/10.1038/nphys3101
https://doi.org/10.1103/PhysRevB.91.161110
https://doi.org/10.1103/PhysRevB.91.161110
https://doi.org/10.1103/PhysRevB.91.161110
https://doi.org/10.1103/PhysRevB.91.161110
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.97.1679
https://doi.org/10.1103/PhysRev.97.1679
https://doi.org/10.1103/PhysRev.97.1679
https://doi.org/10.1103/PhysRev.97.1679
https://doi.org/10.1103/PhysRevLett.8.406
https://doi.org/10.1103/PhysRevLett.8.406
https://doi.org/10.1103/PhysRevLett.8.406
https://doi.org/10.1103/PhysRevLett.8.406
https://doi.org/10.1103/PhysRevLett.12.123
https://doi.org/10.1103/PhysRevLett.12.123
https://doi.org/10.1103/PhysRevLett.12.123
https://doi.org/10.1103/PhysRevLett.12.123
https://doi.org/10.1103/PhysRev.163.324
https://doi.org/10.1103/PhysRev.163.324
https://doi.org/10.1103/PhysRev.163.324
https://doi.org/10.1103/PhysRev.163.324
https://doi.org/10.1103/PhysRevB.93.195120
https://doi.org/10.1103/PhysRevB.93.195120
https://doi.org/10.1103/PhysRevB.93.195120
https://doi.org/10.1103/PhysRevB.93.195120
https://doi.org/10.1103/PhysRevLett.89.107202
https://doi.org/10.1103/PhysRevLett.89.107202
https://doi.org/10.1103/PhysRevLett.89.107202
https://doi.org/10.1103/PhysRevLett.89.107202
https://doi.org/10.1088/1742-6596/683/1/012006
https://doi.org/10.1088/1742-6596/683/1/012006
https://doi.org/10.1088/1742-6596/683/1/012006
https://doi.org/10.1088/1742-6596/683/1/012006
https://doi.org/10.1103/PhysRevB.51.3163
https://doi.org/10.1103/PhysRevB.51.3163
https://doi.org/10.1103/PhysRevB.51.3163
https://doi.org/10.1103/PhysRevB.51.3163
https://doi.org/10.1103/PhysRevB.82.035103
https://doi.org/10.1103/PhysRevB.82.035103
https://doi.org/10.1103/PhysRevB.82.035103
https://doi.org/10.1103/PhysRevB.82.035103
https://doi.org/10.1103/PhysRevB.77.104412
https://doi.org/10.1103/PhysRevB.77.104412
https://doi.org/10.1103/PhysRevB.77.104412
https://doi.org/10.1103/PhysRevB.77.104412
https://doi.org/10.1103/PhysRevB.74.132408
https://doi.org/10.1103/PhysRevB.74.132408
https://doi.org/10.1103/PhysRevB.74.132408
https://doi.org/10.1103/PhysRevB.74.132408
https://doi.org/10.1103/PhysRevLett.115.166602
https://doi.org/10.1103/PhysRevLett.115.166602
https://doi.org/10.1103/PhysRevLett.115.166602
https://doi.org/10.1103/PhysRevLett.115.166602
https://doi.org/10.1063/1.1750270
https://doi.org/10.1063/1.1750270
https://doi.org/10.1063/1.1750270
https://doi.org/10.1063/1.1750270
https://doi.org/10.1103/RevModPhys.78.865
https://doi.org/10.1103/RevModPhys.78.865
https://doi.org/10.1103/RevModPhys.78.865
https://doi.org/10.1103/RevModPhys.78.865

	5059331CoverPage-AA20170083神戸振作.pdf
	5059331_PhysRevB.95.195121



