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We report an electron spin resonance (ESR) study on single crystals of the heavy fermion metal
YbRh,Si, which shows pronounced non-Fermi liquid behavior related to a close antiferromagnetic
quantum critical point. It is shown that the observed ESR spectra can be ascribed to a bulk Yb3*
resonance. This is the first observation of ESR of the Kondo ion itself in a dense Kondo lattice system.
The ESR signal occurs below the Kondo temperature (Tx) which thus indicates the existence of large
unscreened Yb** moments below Tg. We observe the spin dynamics as well as the static magnetic

properties of the Yb**

magnetic susceptibility.
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The heavy fermion compound YbRh,Si, is located
very close to a magnetic instability, related to the dis-
appearance of antiferromagnetic (AF) order (due to in-
creasing 4f—conduction electron hybridization). Very
weak AF order is observed at ambient pressure below
the very low ordering temperature of 7, = 70 mK. At
T > Ty pronounced deviations from the Landau Fermi
liquid behavior are observed up to temperatures of T =
10 K [1,2]. The magnetic response is highly anisotropic
which indicates that the Yb’>" moments are forming an
easy-plane square lattice perpendicular to the crystallo-
graphic c¢ direction [1,2]. A tiny magnetic field of B, =
0.06 T is sufficient to suppress the weak AF order [2]
leading to a field-induced quantum critical point (QCP),
Ty — 0. Thus YbRh,Si, has proven to be a favorable
compound to investigate non-Fermi liquid (NFL) phe-
nomena which are related to the proximity of a QCP. The
effect of disorder on the NFL behavior may be neglected
[1,2]. This is indicated by a low residual resistivity, py =
1 w ) cm, of the single crystals and the homogeneity of
the spin susceptibility, both static [>?Si nuclear magnetic
resonance (NMR) Knight shift [3] ] and dynamic (muon
spin relaxation [4]). Two competing theoretical scenarios
have been advanced to describe the heavy electron QCP: a
spin density wave scenario [5,6] and a localized moment
scenario [7]. In the former scenario magnetism develops
by the spin polarization of the Fermi surface and NFL
behavior results from the scattering of the quasiparticles
by quantum critical spin fluctuations. The localized mo-
ment scenario assumes that heavy electrons are bound
states between the local moments and conduction elec-
trons which disintegrate at the QCP. In YbRh,Si, the
electron spin resonance (ESR) reported in this Letter
proves the existence of localized moments down to the
lowest accessible temperature of 1.5 K, i.e., substantially
below the Kondo temperature Ty =~ 25 K [1], and there-
fore seems to favor the localized moment scenario in that
system.
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spins to be consistent with the results of nuclear magnetic resonance and

PACS numbers: 71.27.+a, 75.20.Hr, 76.30.—v

ESR probes the imaginary part of the dynamic suscep-
tibility Imy(qg = 0, w), and it is sensitive to the local
electronic properties of the 4f ions. But, in typical ESR
setups which use energies =~ 0.04 meV, the Kondo ion in
heavy fermion systems is not an appropriate ESR probe.
This is due to the fact that the typical spin-fluctuation rate
of the Kondo ions causes a large ESR linewidth which
makes the ESR signal undetectable. Up to now a direct
observation of the Kondo ion by ESR has been reported
only in dilute Kondo alloys with an extremely small T.
ESR of Yb3* ions diluted in Au (Tgx =~ 10 uK) [8] pro-
vided clear evidence for the Kondo effect in an ESR
spectrum for Tx << T <1 K. Much work has been done
in the past on dense Kondo lattice systems with an addi-
tional ESR-probe ion (Gd** in most cases) [9—11]. This
technique allowed detailed ESR investigations of the
various ground-state properties in heavy fermion systems
although the influence of the doped ESR probe to the
Kondo lattice has to be taken into account. Since Tx =
25 K for YbRh,Si, [1,2], one would not expect to observe
any ESR below T in YbRh,Si,, because the linewidth is
expected to be huge (kgTx/ump = 37 T). The results pre-
sented here clearly refute this assumption. From the
analysis of the observed ESR spectra of YbRh,Si, it turns
out that the ESR is probing the local Yb3* 4 f spins. Thus,
this is the first-ever observation of ESR in a dense Kondo
lattice system without additionally doped spin probes.

The ESR experiments were performed at frequencies
9.4 GHz (X band) and 34.1 GHz (Q band). We investigated
five single crystalline platelets of YbRh,Si, (thickness =
100 um, 2—4 mm? surface area). Their preparation as
well as their magnetic and transport properties have
been described elsewhere [1,2]. The high quality of the
single crystals is evidenced by a residual resistivity
ratio of p3pok/po ~ 68 (= 20 times larger than in pre-
vious polycrystalline samples [1]), and a very sharp
anomaly in the specific heat at T = T [12] associated
with an entropy release as low as = 0.01RIn2, in
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good agreement with the tiny ordered moment of
(1073-1072)up /YB3 [4].

ESR probes the absorbed power P of a transversal
magnetic microwave field as a function of an external,
static magnetic field B. Figure 1(a) shows two typical
spectra which are recorded as dP/dB vs B. No hyperfine
structure which may arise due to '7'Yb and '3Yb was
observable in the whole T region, likely due to the mecha-
nism of a strong exchange narrowing of the ESR line. The
asymmetry of the Lorentzian-type line shape is due to a
nonvanishing dispersion contribution to the line and is
typical for metallic samples where the penetration depth
is smaller than the sample size [13]. The penetration depth
of our crystals is = 1 wm. Therefore, we exclude the ESR
signal being dominated by the sample surface, which is
further established by the sample independence of the
ESR parameters. We obtained excellent agreement be-
tween an asymmetric Lorentzian line [solid in Fig. 1(a)]
and the experimental data. This enabled us to determine
the ESR parameters resonance field B, and linewidth AB
to an accuracy of less than 0.3% (B,.,) and 4% (AB) for
T =20 K.

In order to estimate the amount of Yb** ions which
contribute to the ESR spectra we compared the ESR
intensities of YbRh,Si, and the intermetallic compound
Y .99 Ybg o Pd; which, due to its similar ESR parameters
[14] and penetration depth, is well suited for such a
comparison. Ensuring the same measuring conditions,
we estimate that at least 60% of the Yb®" ions in
YbRh,Si, contribute to the observed ESR signal. This
lower bound takes into account uncertainties which arise
from (i) assuming comparable quality factors of the mi-
crowave cavity for both samples and from (ii) uncertain-
ties in determining the sample size, mass, and penetration
depth. Therefore, the observed ESR resonance is indeed a
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FIG. 1. (a) ESR spectra at 9.4 GHz (X band). Solid lines
represent fits to the data with a Lorentzian line shape showing
an asymmetry typical for metals. (b) Angle dependence of the
resonance field B, at T = 5 K. The single crystal is rotated in
the magnetic field B as illustrated in the drawing. Inset:
reciprocal B, for || < 12°. The dotted line is a guide to
the eye that indicates the required vanishing of dB,./d¢ at
¢ = 0°. The bar yields uncertainty for Blip=0°)~4T.
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bulk property and cannot be ascribed to foreign Yb>*
phases.

The ESR intensity Iggg reflects the uniform static
susceptibility y(g = 0) of the Yb*" moments and is pro-
portional to the area under the absorption signal. Its
T dependence follows nicely a Curie-Weiss law with a
negative Weiss temperature of ® | = —1.5 K, indicating
AF correlations. Similar behavior has been found for the
bulk susceptibility as well [15]. We checked the direct
correspondence of Iggg and y(g = 0) after measuring
x(qg = 0) for B corresponding to the used X- and Q-
band frequencies and at the B L ¢ axis. We found a linear
relation Igggr < (¥ — xo)» Where xo = (0.3 =0.1) X
1079 m?/mol K? denotes a small T independent contri-
bution to the bulk susceptibility. y, is related to the
coefficient y of the in-T linear specific heat by the
Sommerfeld-Wilson ratio R = (xo/y)(7?k%/ momey)-
Assuming s = 1.4up and y < 0.5 J/mol K? for T >
1 K [2], one gets R=6. A strongly enhanced
Sommerfeld-Wilson ratio [2] has also been found using
direct measurements of y(g = 0) [2]. This was related
to pronounced ferromagnetic (FM) fluctuations that
have been observed in NMR measurements for fields
above B, [3].

B,., determines the ESR g factor via the resonance
condition fiw = gugB,. and, therefore, reflects an effec-
tive g value of the ESR spin probe. In YbRh,Si, we
identify the Yb’* spin with a *F, , ground state as the
ESR probe. To determine the proper crystal electric field
(CEF) doublet ground state of Yb®>" we have analyzed the
wave functions of the Kramers doublets with symmetries
I's and I';. Using the experimental g values and taking
into account the g shift (discussed further below) the I';
ground-state symmetry appears to be more likely to
describe the g data than a I'q ground state. A future
publication will illustrate this topic in more detail.

YbRh,Si, displays a pronounced anisotropy of its mag-
netic properties which is related to the uniaxial symmetry
of the Yb** environment. It manifests itself in a magnetic
susceptibility which, when measured along the basal
plane of the tetragonal structure, is almost 100 times
larger than measured along the ¢ axis at 7 = 100 mK
[1]. Figure 1(b) shows that this strong magnetocrystalline
anisotropy is imposingly reflected in a strong anisotropy
of the resonance field giving further support for the bulk
origin of the ESR signal. For the B L ¢ axis the reso-
nance field at 7 = 5 K is B, = (0.188 = 0.001) T which
corresponds to g, = 3.561 = 0.006. B, strongly in-
creases up to a nondetectable value when the ¢ axis ap-
proaches the orientation parallel to B. The inset of
Fig. 1(b) illustrates our estimation of Bﬂes corresponding
to gy = 0.17 = 0.07. The values g, and g are compa-
rable with those of the ESR of dilute Yb*>" dopant ions in
the tetragonal system PbMoQ, [16], provided that a g shift
of Ag/g =~ —8% from the value of Yb*" in an ionic
environment is taken into account. In metals with a
Pauli-like susceptibility the g shift contains a positive
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(FM) local moment—conduction electron effective ex-
change integral J;(q = 0) [17]. As shown in Fig. 2, Ag is
negative in the whole T region. As discussed further
below the negative value is due to the Kondo effect which
causes an AF exchange, J.(g = 0) <0, between the
conduction electrons and the Yb**spins.

g(T) in Fig. 2 shows a T dependence very similar to the
29Si NMR Knight shift data [3]. Thus, the observed ESR
g factor seems to contain a g shift which, like the NMR
Knight shift, is probing the spin susceptibility of
YbRh,Si,. We have checked this assumption by plotting
in the inset of Fig. 2 the g | values against the static bulk
susceptibility ( L ¢ axis), measured at magnetic fields
which correspond to the low-7 ESR resonance field. The
plot proves that, within the experimental uncertainties,
the g, values depend linearly on the static susceptibility.
The slope is negative which, again, indicates an AF
coupling. The slope of g () depends on B, i.e., is smaller
at 0.68 T (34.1 GHz) than at 0.19 T (9.4 GHz). This
indicates a decreasing AF coupling with increasing B in
accordance with the findings of the NMR that prove
dominating FM fluctuations at B > 0.25 T but, below
T =200 mK and B = 0.15 T, the emergence of critical
AF fluctuations [3] which cause the NFL behavior in the
vicinity of the QCP [2].

The solid line in the main part of Fig. 2 describes the
g shift within a single-ion Kondo scenario which has
been successfully applied to the ESR of Au:Yb [8].
There, a T-dependent effective exchange coupling [18]
results in Ag = ¢/In(Tx/T). Assuming g+ . = 3.86
[16] the solid line corresponds to ¢ = 1.67 and Ty =
20 mK. Taken Ty as a characteristic spin-fluctuation
temperature this value corresponds to a linewidth
ABy = kpTx/mp =30 mT which is in pretty good
agreement with the observed linewidth. The small value
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FIG. 2. T dependence of the effective g factor (B L ¢) at
frequencies 9.4 GHz (0.19 T) and 34.1 GHz (0.68 T). The solid
line describes the data with a logarithmic single-ion Kondo
behavior. Inset: g factor vs the static bulk susceptibility y, .
Solid lines represent linear fits to the data.
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of Tk is consistent with the observation of very large
unscreened Yb> " moments (pepr = 1.4 5) in recent mea-
surements of the B = 0 static bulk susceptibility for Ty <
T < 0.3 K [15]. However, this low Ty value differs by
3 orders of magnitude from the value which is derived
from transport and thermodynamic properties of
YbRh,Si, determined at much higher temperatures (T =
25 K) [1,2]. This dramatic discrepancy cannot be ex-
plained yet. It either means that the magnetic properties
require a quite different characteristic energy scale than
transport and thermodynamic properties or, more likely,
it is intimately related to the local nature of the QCP [7].

The nature of the relaxation mechanism of the
Yb** spins is reflected by the linewidth AB which is
measured as the half width at half maximum of the
absorption P(B). Its T dependence is shown in Fig. 3 for
both used frequencies (B L ¢ axis). The dashed lines
describe the linewidth data as follows. In the low
T region (T < 12 K) an increase linear in T fits AB(T)
well with a slope b = (3.1 %= 0.2) mT/K. Other Yb-doped
intermetallics show comparable b values [19]. The linear
behavior is typically found for a local moment relaxation
in a metallic environment [13,17] where b is proportional
to the squared exchange coupling of the local moments to
the conduction electron spins. Above 7' = 12 K an expo-
nential increase AB(T) « 1/(exp % — 1) becomes domi-
nant with A = 115 K for both X- and Q-band data. This
behavior is due to the modulation of the ligand field by
lattice vibrations which cause, by means of spin-orbit
coupling, a spin-lattice relaxation. In the case of acous-
tical vibrations CEF electronic states at an energy A
above the ground state are involved in the relaxation,
even for T << A (“Orbach-Aminov process”) [20].
Also, optical vibrations may dominate the electron spin-
lattice relaxation where optical phonons of energies iw ~
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FIG. 3. T dependence of the ESR linewidth AB at frequencies

9.4 GHz (0.19 T, squares) and 34.1 GHz (0.68 T, triangles).
Dashed lines represent the data as explained in the text. Inset:
comparison of the 2Si NMR (1/T,T),(T) data (from Ref. [3],
open symbols) with the T dependence of (Imy/w)53R obtained
from the ESR data according to Eq. (1) (closed symbols).
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A are involved [21,22]. The question whether optical or
acoustical phonon relaxation processes dominate at high
T will be the issue of a forthcoming publication. For 7 =
25 K the ESR signal is too weak and too broad to be
detected.

The ESR linewidth AB(T) contains valuable informa-
tion on the dynamical magnetic properties as the nuclear
spin relaxation rate 1/T;(T) does in NMR. ESR is di-
rectly probing the damping I' of the Yb*" spin fluctua-
tions at ¢ = 0 via the ESR linewidth, I' = a)ESRAB/Bre;,
whereas the static Yb®" spin susceptlblhty )(4 is probed
by the ESR intensity. I' and X4 can be used for a
comparison with the NMR data (1/TyT)yy of the

Yb** spins. According to the dissipation-fluctuation
theorem (1/T,T)sp < Imy(w)ys/w; (hw/kpT < 1). As
a static B field is applied along a certain direction
(z axis), y(w)4s consists of a longitudinal ,\/4f(a)) and a
transversal X4+(w) part. Using a purely relaxational
ansatz one obtalns a Lorentzian shape for Imy(w)y,
and the two components are written as

ImxG(w) T d
w — X w? + T? an
Imy; (0 r
X47() ng . 5 5, (1)

where, because of the static B field, Im)(4 *(w) is shifted
by the Larmor frequency wys of the ng+ spins taken at
NMR magnetic fields Byyg, Wy = @EsRBNMR/ Bres- The
inset of Fig. 3 shows a comparison of the results of °Si
NMR [3] with the sum of the above equations, denoted
[Imy()/w]i?®, where an NMR frequency /27 =
1.25 MHz (= 0.15 T) was used. Both ESR and NMR
results show a change of slope below T = 10 K. This
change gets more pronounced with increasing B. At fields
0.5and 242 T, (1/T,T NMR saturates at a constant value
for sufficiently low 7. Th1s behavior is also indicated in
[Imy(@)/w]ip® for the lowest accessible T at the Q-band
field of 0.68 T. The saturation originates from a crossover
from NFL to a field-induced Landau Fermi liquid re-
gime, for which 1/T,T is T independent [3]. At fields B =
0.19 T both ESR and NMR data do not show any satura-
tion at low T. As mentioned before, for (1/T} T)T}VIR this
fact was explained with developing critical AF (g # 0)
spin fluctuations when approaching the Néel state (B —
BJ) [3].

From the analysis of the ESR in YbRh,Si, described
above it turns out that the observed resonance arises from
local Yb*" moments and that indeed the resonance is a
bulk property. This is supported by (i) the resonance field
anisotropy, which is in accordance with the strongly
anisotropic magnetic susceptibility, (ii) the agreement of
the observed g factors with those expected for 413 Yb3*,
and (iii) the linear relation between the g value, the
intensity, and the static susceptibility. Therefore, our
ESR results lead to the central conclusion that local
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magnetic Yb** moments exist well below the character-
istic spin fluctuation or Kondo temperature characterizing
consistently the thermodynamic and transport properties
of YbRh,Si, at higher temperatures. The existence of a
well-behaved ESR line of Yb** at such low 7 indicates a
lack of Kondo screening of the Yb3* magnetic moments.
Furthermore, from the field dependence of the ESR re-
laxation rate (see the inset of Fig. 3) as well as from the
analysis of the ESR intensity we found evidence of domi-
nating FM fluctuations above the critical field B, , con-
sistent with 2°Si NMR results [3].

From our results it is obvious that a simple single-ion
Kondo scenario fails to explain our observations. On the
other hand, the localized moment scenario for heavy
fermion QCPs implies a type of dynamical susceptibility
which relates to local critical degrees of freedom coex-
isting with spatially extended ones [7]. Such a scenario
appears to be strongly supported by our observation that
in YbRh,Si, a well-behaved ESR signal due to local Yb>*
moments develops significantly below the ordinary
Kondo temperature.

We acknowledge fruitful discussions with Hans-
Albrecht Krug von Nidda, Philipp Gegenwart, and
Oliver Stockert.
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