
Abrupt Fermi-Surface Change at the Quantum Critical Point in 
YbRh2Si2

Introduction

Continuous phase transitions at zero tempera-
ture, referred to as quantum phase transitions or 
quantum critical points (QCP), and their conse-
quences for the physical properties at finite tem-
peratures have attracted considerable attention in 
recent years [1]. For so-called unconventional 
QCPs, a breakdown of the local Kondo energy 
scale and, correspondingly, a drastic change of the 
Fermi surface topology are expected along a cross-
over line T*, concomitant to the localization of the 
f electrons on the magnetic side of the QCP [2].
The “Kondo breakdown” scenario seems to be 
realized for the heavy-fermion compound 
YbRh2Si2 whose low-temperature properties close 
to the QCP have extensively been studied within 
the last years. As shown in Fig. 1, the system or-
ders antiferromagnetically at an extremely low 
temperature TN = 70 mK. This order can be sup-
pressed by the application of tiny magnetic fields 
Bc  60 mT and Bc  700 mT perpendicular and 
parallel to the tetragonal c axis, respectively [3]. 
For larger fields, a heavy Landau-Fermi-liquid 
(LFL) regime emerges below TLFL. On the other 
hand, strong deviations from ordinary LFL behav-
ior in large regions of the T-B phase diagram are 
observed in a number of properties. For instance, 
the Sommerfeld coefficient of the electronic spe-
cific heat shows a divergent behavior at the critical 
field, while the resistivity is linear in temperature 
[4]. Clear non-Fermi-liquid (NFL) behavior was 
recently inferred from far-infrared optical conduc-
tivity experiments down to T = 0.4 K [5]. Further-
more, the temperature dependence of the Grün-
eisen parameter disagrees with theoretical predic-
tions for a conventional QCP [6].  
A new crossover energy scale, T*(B), was detected 
in a number of transport and thermodynamic prop-
erties (cf. Fig. 1) in agreement with the predictions 
of the above-mentioned “Kondo breakdown” sce-
nario. In particular, Hall-effect measurements in-
dicated an abrupt jump of the Fermi surface at the 
QCP in YbRh2Si2 [7]. Subsequent magnetization 

and magnetostriction measurements confirmed 
T*(B) to be an additional energy scale disparate 
from both TN(B) and TLFL(B), cf. Fig. 1 [8]. The 
ESR results also show a crossover behavior, as 
inferred from the evolution of the g factor and the 
ESR linewidth [9]. While in the paramagnetic LFL 
regime heavy quasi-particles with strong f charac-
ter form a large Fermi surface, the 4f states are 
assumed to fully localize on the low-field side of 
the QCP resulting in a small Fermi surface.
Information on the evolution of the Fermi surface 
in YbRh2Si2 may be drawn from de Haas - van 
Alphen experiments [10] and angle-resolved 
photoemission spectroscopy [11]. However, the 
former experiments were restricted to high fields, 
B >> Bc, and the latter to high temperatures,  
T >> TN. This motivated further studies on the Hall 
effect and the thermopower of new, high-quality 
YbRh2Si2 samples as presented in the following. 
For YbRh2Si2, the normal contribution to the Hall 
coefficient was shown to be dominant at low tem-
peratures. Hence, it provides a direct measure of 
the charge-carrier density [12]. The diffusion part 
of the thermopower in heavy-fermion systems is 
proportional to the energy derivative of the density 
of states (DOS) of the heavy quasiparticles at the 
Fermi energy.  
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Fig. 1: T–B phase diagram of YbRh2Si2, according to [8]. 
The magnetic field B is applied perpendicular to the c axis. 
TN and TLFL are deduced from resistivity data, T* from 
magnetostriction. 
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Hall effect measurements 

Detailed Hall effect measurements have been re-
peated in a new low-temperature setup with im-
proved resolution on new single crystals. In par-
ticular, two magnetic fields were generated by a 
vector magnet, simultaneously probing the Hall 
voltage and tuning the system through the quan-
tum critical regime. The current was injected par-
allel to the tetragonal basal plane, and the mag-
netic field B1 inducing the Hall voltage Vxy was 
applied along the crystallographic c axis. The Hall 
resistivity was obtained from the asymmetric com-
ponent of the field-inversed Hall voltage. A longi-
tudinal field B2 is applied parallel to the current to 
tune the underlying ground state while generating 
essentially no Hall response. The field B1 should 
only probe the linear Hall response and thus has to 
be small compared with the characteristic tuning 
fields. Taking advantage of the anisotropy allows 
us to apply fields along the magnetically hard c
axis which are about a factor of 10 higher than 
within the basal plane. 

The results of the isothermal crossed-field meas-
urements at low temperatures are presented in 
Fig. 2. At all temperatures, a pronounced crossover 
from a zero-field value to the substantially reduced 
high-field value is observed. As the temperature is 
raised, the inflection point of the crossover struc-
ture moves toward larger fields. At the same time, 
the crossover broadens. Following the procedure 
described in [8] the data were fitted by an empiri-

cal formula taking into account an appropriate 
background contribution. This function simulates a 
step-like shape of the field-dependent Hall coeffi-
cient. It includes the absolute values at B = 0, RH

0,
and at higher fields, RH , the sharpness of the cross-
over as well as the field of the inflection point, B0.
The position of the inflection point corresponds to 
the T*(B) line deduced from magnetic and transport 
properties. The jump height (RH

0-RH ) decreases for 
decreasing T, yet remains finite for T  0. Fur-
thermore, the width of the crossover is proportional 
to temperature. Consequently, in the zero-
temperature extrapolation, the Hall coefficient ex-
hibits a discontinuous jump at the critical field.  

These results confirm the previous interpretation 
of the Hall effect data in [8]. However, due to an 
improved resolution and extended temperature and 
field ranges, the zero-field extrapolation could be 
performed with higher accuracy. The Hall effect as 
well as magnetoresistance measurements provide 
strong support to the local “Kondo breakdown” 
scenario being realized in YbRh2Si2.

Thermopower measurements 

By means of a new low-T thermal transport set-up 
that utilizes a “one heater-two thermometers” tech-
nique the available temperature range has been 
extended down to 30 mK [13]. Excellent agree-
ment of the new thermopower S(T) measurements 
between 30 mK and 6 K compared to previous 
results is obtained in the overlap range 1.8 - 6 K.  
The thermopower of YbRh2Si2 exhibits strongly 
enhanced, negative values below room tempera-
ture. A broad minimum around 80 K (not shown) 
is attributed to a combination of Kondo scattering 
and crystal electric field effects [14,15]. The nega-
tive sign is typically observed in Yb-based heavy-
fermion system with a narrow Kondo resonance 
peak slightly below the Fermi energy. In Fig. 3 the 
thermopower of YbRh2Si2 is plotted as  
–S(T)/T vs. log T for selected fields. In zero fields, 
|S|/T exhibits a logarithmic increase over one dec-
ade in temperature between 1 K and 0.1 K [16]. It 
passes over a maximum around Tmax  0.1 K with 
strongly enhanced values of 15 μV/K2, before it 
decreases and changes sign at T0  30 mK, cf. inset 

f figure 3. In contrast to specific heat, cp(T), and 
resistivity, (T), results [4], no signature of the 
antiferromagnetic phase transition at TN = 70 mK 

o

Fig. 2: Hall coefficient RH of YbRh2Si2 vs. B1 for tempera-
tures 20 mK and 65 mK. Solid lines represent best fits to the 
data with the empirical crossover formula  
RH = RH +mB2 - (RH + mB2 - RH

0)/(1-(B2/B0)p) which allows 
to extract the position of the crossover B0 as well as its 
width.
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is observed in the thermopower data. For all fields 
below the critical field, an almost identical behav-
ior is found. At higher fields B > Bc, the low-T
behavior changes drastically, cf. in Fig. 3 for B = 
0.1, 0.4 and 1 T. Here, the thermopower remains 
negative even in the zero-temperature limit and is 
proportional to T below TLFL, which corresponds 
to a saturation of S(T)/T= .

The observed behavior of S(T) with large, con-
stant values is characteristic for a heavy LFL 
state, in agreement with previous cp(T)/T and (T)
results. The range with constant S(T)/T is enlarged 
upon increasing field and concomitantly, the abso-
lute value of decreases. The NFL-LFL crossover 
temperature TLFL fully coincides with the one de-
rived from resistivity measurements on the same 
sample with the same contact geometry [16]. The 
thermopower results on YbRh2Si2 are thus in good 
agreement with the established phase diagram 
[4,8]. 

The logarithmic increase of |S|/T in zero field sig-
nals non-Fermi liquid behavior. This agrees with 
specific heat results that showed a similar behavior 
in a comparable temperature range [3,1 ]. In fact, 
theoretical calculations within the two-dimensional 
spin-density wave scenario yielded a logarithmic 
temperature dependence for both quantities in the 
non-Fermi liquid regime [1 ]. Almost the same 
temperature dependence is expected for the “Kondo 
breakdown” scenario [16].

The evolution of the thermopower with field is 
not continuous. Rather, a distinct change in the 
low-T behavior is observed when crossing the 
critical field Bc. To illustrate this, Fig. 4 shows a 
blow-up of the T-B phase diagram around the criti-
cal point. The temperatures of the sign change in 
S(T), T0, and of the maximum in S(T)/T, Tmax, are 
plotted together with the antiferromagnetic order-
ing temperature, TN, determined from (T) meas-
urements, and the crossover temperatures TLFL and 
T* . TN is continuously suppressed to zero at Bc = 
64 mT, beyond which field the LFL phase 
emerges. By contrast, T0 and Tmax are field inde-
pendent below Bc within experimental resolution, 
but vanish abruptly upon crossing the T*  line. In 
view of the fact that neither T0 nor Tmax do follow 
the field dependence of TN, they can, conse-
quently, not be related to the magnetic ordering in 
YbRh2Si2. In the zero-temperature limit, S(T)/T 
exhibits a negative sign on the paramagnetic side 
of the QCP, whereas it is positive on the magnetic 
side. Since the thermopower reflects the energy 
dependence of the heavy quasi-particle DOS at the 
Fermi energy, the sudden sign change of S(T 0)
upon increasing the magnetic field beyond Bc re-
flects a dramatic change of the topology of the 
renormalized Fermi surface when crossing the 
field-induced QCP. These observations support the 
above conclusion from Hall-effect results. The 

Fig. 3: Negative thermopower divided by T, -S(T)/T, of 
YbRh2Si2 in different magnetic fields on a logarithmic T 
scale. The dashed lines indicate a constant -S/T for B>Bc
characteristic of LFL behavior. The NFL-LFL crossover 
temperatures, TLFL, are marked by arrows. Inset: Low-
temperature part of S(T) on a linear T scale. A sign change 
from negative to positive appears near T0 = 30 mK for B = 
0 T and 50 mT. The dashed lines represent fits to the data 
according to S = T.  

Fig. 4: Detailed phase diagram of YbRh2Si2 around the 
QCP. The field dependence of the antiferromagnetic order-
ing temperature TN is compared to the temperatures of the 
sign change T0 and of the maximum Tmax in -S(T)/T. TN was 
derived from (T) results on the same sample. The NFL-
LFL crossover temperature TLFL was obtained either from 

(T) (onset of  T2, open circles) or from S(T) meas-
urements (onset of S  T, stars). TN(B) and TLFL(B) ex-
trapolate to a critical field Bc  64mT. The dotted lines are 
guides to the eye. The crossover line T*(B) was taken from 
[8] and scaled to Bc of the particular sample.  
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latter reveal a jump in the Hall coefficient 
RH(T 0) in the zero-temperature limit and, thus, a 
jump in the Fermi volume at the QCP with a local-
ization of the 4f states on the low-field side [8]. 
The positive sign of S(T) of YbRh2Si2 in the "lo-
calized" regime for B < Bc is in agreement with the 
findings for the non-magnetic counterpart 
LuRh2Si2 [14]. The field-induced sign change of 
S(T 0) at Bc, as inferred from Figs. 2 and 3, pro-
vides convincing evidence of a Fermi surface re-
construction, consistent with a break-down of the 
effective Kondo scale at the antiferromagnetic 
QCP in YbRh2Si2.

Conclusions

A new energy scale, T*(B), which adds to the well 
established TN(B) and TLFL(B) scales was detected 
in YbRh2Si2 by means of thermodynamic and 
transport properties. All three scales merge at Bc,
the critical field of the antiferromagnetic ordering. 

step-like crossover at T*(B), which becomes a 
discontinuous jump as T 0. This implies a drastic 
change of the effective charge-carrier density at 
the QCP.  

The low-temperature thermopower reveals a 
sudden sign change at the critical field Bc in the 
zero-temperature limit, which supports the recon-
struction of the Fermi surface at the QCP in 
YbRh2Si2.

The transport and thermotransport results pre-
sented here reveal strong evidence for the break-
down of the local Kondo scale at the QCP. At the 
paramagnetic side, the Fermi surface contains 
composite quasi-particles, whose f contribution 
seems to localize on the magnetic ground-state 
side of the QCP. 

_______
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