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How does the Fermi surface evolve through a heavy-fermion QCP?
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The “large Fermi surface” picture
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If the Kondo lattice is a Fermi liquid, the
localized spins contribute to the Fermi sea
volume as electrons.

(e.g., Martin, PRL 48 (1982) 362
Oshikawa, PRL 84 (2000) 3370)
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De Haas - Van Alphen vs LDA bandstructure: CeRu2Si2

dHvA experiment:

Lonzarich, JMMM 76&77 (1988) 1

Ōnuki et al., JPSJ 61 (1992) 960

Aoki et al., JPSJ 61 (1992) 3457

LDA calculation, itinerant 4f

Yamagami & Hasegawa, Physica B
186-188 (1993) 136
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QCP scenarios
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High-temperature superconductivity is achieved by doping cop-
per oxide insulators with charge carriers. The density of carriers
in conducting materials can be determined from measurements
of the Hall voltage—the voltage transverse to the flow of the
electrical current that is proportional to an applied magnetic
field. In common metals, this proportionality (the Hall coeffi-
cient) is robustly temperature independent. This is in marked
contrast to the behaviour seen in high-temperature supercon-
ductors when in the ‘normal’ (resistive) state1–5; the departure
from expected behaviour is a key signature of the unconventional
nature of the normal state, the origin of which remains a central
controversy in condensed matter physics6. Here we report the
evolution of the low-temperature Hall coefficient in the normal
state as the carrier density is increased, from the onset of
superconductivity and beyond (where superconductivity has
been suppressed by a magnetic field). Surprisingly, the Hall
coefficient does not vary monotonically with doping but rather
exhibits a sharp change at the optimal doping level for super-
conductivity. This observation supports the idea that two com-
peting ground states underlie the high-temperature
superconducting phase.
In the 16 years since the discovery of high-temperature super-

conductors, much has been learned about the many unusual
properties of these materials. Most prominently, the high-tempera-
ture superconducting state has been shown to be the first known

example of ‘d-wave’ superconductivity, in which the superconduct-
ing energy gap has the symmetry of a dx22y2 atomic orbital. The
underlying mechanism that gives rise to this d-wave superconduc-
tivity is less well established. There is increasing evidence that the
key role is played by an antiferromagnetic phase, in which neigh-
bouring electron spins are anti-aligned, that is in competition with
superconductivity. There remains, however, a significant lack of
understanding about the ‘normal-state’ behaviour of the high-
temperature superconductors, behaviour that is so consistently
unusual that many believe the most promising route to a complete
understanding of high-temperature superconductivity lies in an
understanding of this abnormal ‘normal state’. Among the various
abnormal normal-state properties, the Hall effect has been notor-
iously difficult to understand.

The properties of Bi2Sr22xLaxCuO6þd (BSLCO) make it an ideal
compound for a comprehensive study of the normal state at low
temperatures. High-quality BSLCO single crystals can be produced
over a wide range of carrier concentration by partially substituting
Sr with La (ref. 7). Most importantly for these studies, a 60-T
magnetic field, currently the practical limit for non-destructive
generation of magnetic fields, is sufficient to completely suppress
the superconductivity in BSLCO8. Single-crystal samples of BSLCO
were prepared using the floating-zone technique7, and were excep-
tionally well characterized by measurements of resistivity, high-
temperature Hall effect and thermopower among other tech-
niques5,7–11.

Figure 1 Hall resistivity versus magnetic field. Shown here is a typical Hall signal in a

Bi2Sr0.51La0.49CuO6þd superconducting sample for which T c ¼ 33 K and the hole

doping p < 0.15. Measurements of the Hall resistivity were carried out during a magnetic

field pulse of,100ms duration using a standard six-probe geometry for a series of ten

samples. The data traces were recorded on a computer using a high-resolution low-noise

synchronous lock-in technique developed at the National High Magnetic Field Laboratory.

Data are shown for temperatures both above and below T c, and the traces are offset

vertically for clarity. The Hall resistivity above T c shows the conventional linear magnetic-

field dependence at all magnetic fields up to 55 T. At temperatures substantially below T c,

the Hall resistivity is zero at low magnetic field owing to the presence of the

superconducting phase in the sample. As the magnetic field suppresses

superconductivity, the Hall signal rapidly increases and then recovers its conventional

linear-in-magnetic-field behaviour. The dashed lines represent best linear fit,

rxy (H ) ¼ R HH, for the high-field regime in which superconductivity is suppressed by

magnetic field, where R H is the Hall coefficient, which, in a simple metal, is inversely

proportional to the number of charge carriers in the material.
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Hall number vs doping

The sign of the Hall resistivity indicates that all the samples are
‘hole-doped’—that is, charge transport is governed by electron
vacancies, or ‘holes’, in the electron sea. The actual magnitude of
the hole doping (p) for each sample is estimated by comparing
BSLCO samples to other single-plane high-temperature supercon-
ductor compounds9. Optimum doping occurs at p < 0.16, where
the superconducting transition temperature (T c) is at a maximum.
Figure 1 shows a typical field dependence of the Hall resistivity in a
near-optimally-doped BSLCO sample with p < 0.15 and
T c ¼ 33K. We determine the low-temperature normal-state Hall
coefficient (RH) from a linear fit to the Hall resistivity data in

the high-field regime, rxy(H) ¼ RHH (dashed lines in Fig. 1). We
note that resistivity, rxx(H), measurements also show recovery of
normal-state behaviour in pulsedmagnetic fields8. This is consistent
with a recent report that normal-state resistive transport can fully
recover in high-T c superconductors at magnetic fields smaller than
the upper critical fieldH c2 (ref. 10). Because the linear-in-magnetic-
field behaviour is observed at all temperatures and does not change
up to the highest experimental fields, we conclude that the Hall
transport experiments in the high-field linear regime measure the
normal-state Hall resistivity at all temperatures. The temperature
dependence of RH for the ten BSLCO samples are plotted in Fig. 2.
Note also that there is no noticeable change in the behaviour of
RH(T) at T c (arrows on Fig. 2), which provides further evidence
that the RH(T) values in Fig. 2 correspond to the normal-state Hall
coefficient in the absence of superconductivity. For all samples
except the most underdoped sample, the value of RH becomes
relatively temperature independent below T < 15K, signalling the
recovery of conventional Hall behaviour once the inelastic scatter-
ing responsible for the anomalous temperature dependence ‘freezes
out’ at low temperatures.
Figure 3 shows the surprising temperature and doping depen-

dences of the Hall number per unit cell, nHall ; V cell/eRH.We focus
initially on the evolution of nHall with doping in the low-tempera-
ture limit, the red curve in Fig. 3a, which increases rapidly from
nearly zero at p < 0.10. This is the same value of p corresponding to
the onset of the high-temperature superconducting state in BSLCO.
nHall increases rapidly to approximately one hole per unit cell near

Figure 2 Temperature dependence of the Hall coefficient, R H. R H is determined from

the slope of the high-field regime in Bi2Sr22xLaxCuO6þd samples with different levels of

hole doping (p). The La concentrations in the crystals have been determined by

inductively coupled plasma analysis with 2% accuracy. The hole doping levels for samples

with La concentration x ¼ 0.86, 0.80, 0.76, 0.68, 0.49, 0.45, 0.43, 0.34, 0.32 and 0.24

are p ¼ 0.10, 0.115, 0.12, 0.13, 0.14, 0.145, 0.15, 0.16, 0.165 and 0.18, respectively,

with an estimated 5% uncertainty. R H has been normalized by the electric charge (e) and

the unit cell volume (V cell) in order to give the inverse Hall number per unit cell. In each

sample, the intense magnetic fields have suppressed the superconducting transition

temperature (T c) from the zero-magnetic-field values denoted by the arrows in the

figure. Above T c these data overlay data previously taken in a low-field d.c. magnet on a

similar set of samples11. At low temperatures, R H is nominally temperature-independent

in all but the most underdoped sample (p ¼ 0.10). In an ideal metal, the Hall number

directly measures the density of charge carriers. If the same is true in BSLCO, the

divergence of R H in the p ¼ 0.10 sample observed at low temperatures is consistent with

a depletion of carriers, which is also evidenced by a diverging longitudinal resistivity

consistent with carrier localization in this sample. Finally, we note that at high temperature

(100 K), R H evolves monotonically with p, whereas in the low-temperature limit R H

decreases with increasing p up to 0.15, a, beyond which the behaviour becomes more

complicated, b. For p . 0.15, b, there is a continuous reduction in the temperature

dependence of R H over the temperature range from 0 to 100 K as p increases, suggesting a

recovery of conventional temperature-independent Hall behaviour in the overdoped limit.

Figure 3 Variation of Hall number with doping and T c. a, Hall number (n Hall) variation with

doping (p). n Hall is determined from R H values at various temperatures in ten BSLCO

samples with doping levels ranging from underdoped (p ¼ 0.10) to overdoped

(p ¼ 0.18). n Hall values are normalized to give the number of holes per unit cell. The red

curve represents the lowest-temperature behaviour of n Hall. Note the rapid but continuous

increase of low-temperature n Hall from near zero at the onset of superconductivity at

p ¼ 0.10 (in fact n Hall asymptotically approaches zero in the p ¼ 0.10 sample upon

cooling, Fig. 2a) to roughly 1 carrier per Cu at p ¼ 0.15, even though the hole doping

changed by only 0.05 holes per Cu. Note that the 100 K data (black line) show a

monotonic evolution of the Hall number n Hall(p) with increasing doping, while upon

cooling to ,50 K the first evidence of the anomalous cusp at p ¼ 0.15 becomes

apparent; this behaviour gives us confidence that the observed anomaly near optimum

doping is intrinsic. This observation also highlights the necessity of high magnetic fields

to reveal the intrinsic normal-state behaviour at low temperatures. The inset, b, shows

the linear relationship between low temperature n Hall and T c for underdoped

samples with p # 0.15 (solid diamonds), suggesting that the superfluid density

corresponds to the normal carrier density in this doping range. Data for p $ 0.16

samples are shown as open diamonds, and do not show any simple correlation between

n Hall and T c.
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doping
optimum

(Balakirev et al., Nature 424 (2003) 912)
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Hall effect at doping/pressure induced QCP of Cr1−xVx:

Phase diagram

(discussed below). The observed tail in ��=��P� gives a
width �x � �0:019	 0:001�%.

Perhaps the most striking feature associated with the
QCP is the 100% jump in the T � 0 carrier density over a
very narrow range of x [Fig. 2(c)]. Fixing x and tuning
the transition with P permits an investigation of whether
this ‘‘jump’’ is sharp but continuous, and if so, whether
there is an additional critical exponent that characterizes
the transition. We plot in Fig. 2(b) the inverse Hall co-
efficient (R�1

H
) at T � 0:5 K in the immediate vicinity of

Pc. R
�1
H
�T ! 0� assumes separate and fixed values in the

antiferromagnet (<2 kbar) and in the paramagnet (P >
8 kbar) but changes continuously between the two re-
gimes. We fit the data by fixing �x from ��=��P� and
again convolving a critical form R�1

H
�T � 0:5 K; P� �

�Pc � P�� with a Gaussian distribution of critical pres-
sures in a two-parameter fit [dotted line in Fig. 2(a)]. We
find a consistent Pc � 7:5	 0:1 kbar, but a second criti-
cal exponent � � 0:50	 0:02. The finite width in R�1

H
�P�

cannot arise from the convolution of a step function
(representing a discontinuous transition) with large inho-
mogeneities in x because (i) the fit would require an
inconsistent, far larger �x and (ii) the value of Pc would
be fixed at such a low pressure that it would be unphysical.

The connection of the T � 0 critical behavior to the
finite temperature response is summarized in Fig. 3. We
fix temperature, vary P, and find that ��=��P� for all T
up to 38 K, the highest temperature where we have
sufficient data to draw meaningful conclusions, can be
fit (dotted lines) with the same critical exponent (� �
2=3) and the identical constant of proportionality
(0:056	 0:003). The mean field result, � � 1=2, is not

recovered even for P 
 Pc, indicating the predominant
effects of quantum fluctuations up to T � TN. Strongly
enhanced fluctuations have been identified up to 0.5 eV in
inelastic neutron scattering studies of Cr0:95V0:05 [12] and
may account as well for the unusual temperature depen-
dence of the Hall resistivity for T > TN found in Cr-V
alloys [6] and familiar from studies of the cuprate super-
conductors [13]. Finally, we can use the Pc�T� from the
fits in the main part of Fig. 3 to construct the T-P phase
diagram for Cr0:968V0:032. The Néel temperature is sup-
pressed with pressure as TN � �Pc � P�� with � �
0:49	 0:02 and Pc � 7:5	 0:1 kbar (Fig. 3 inset). Iso-
thermal rather than isobaric cuts of the data are essential
to determine � accurately given the almost vertical ap-
proach of the phase boundary to the pressure axis as
TN ! 0.

A close proximity to the QCP is an additional require-
ment for an accurate determination of �. We collect in
Fig. 4 the variation of TN with x for a broad range of Cr-V
alloys measured via electrical transport [6,14,15], neu-
tron diffraction [16], nuclear magnetic resonance [17],
and thermal expansion [18], as well as the suppression
of spin-density-wave order with pressure for pure Cr [19],
Cr0:988V0:012 [20], Cr0:972V0:028 [20], and Cr0:968V0:032 (our
data). All the data can be collapsed onto a universal curve
using an effective V concentration xeff that assumes the
simplest linear conversion between chemical doping and
applied pressure: Pc � 31:042�3:430� x�. By the con-
gruence of the data for pure Cr and its alloys, it appears
that disorder is not a dominant factor. TN decreases line-
arly with xeff across almost the entire composition range,
only assuming its critical form with exponent � � 1=2
very close to xc � 3:430%. The initial linear onset
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FIG. 3 (color). The normalized resistivity can be fit with a
critical exponent 2=3 at all temperatures from 0.5 to 38 K.
Pressure curves shown are for 0.5, 5, 10, 15, 20, 25, 30, 35, and
38 K. In all cases, we fix the spread in stoichiometry to the
T � 0 result, �x � 0:019%. Inset: the Néel temperature ap-
proaches zero as �P� Pc�

0:49	0:02.
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FIG. 4 (color). Collapse onto a universal curve of all available
data on the pressure and doping dependence of the Néel tem-
perature in Cr1�xVx, assuming a linear conversion between P
and x. Data very close to the QCP are required to reveal the true
critical behavior. TN from various x’s: � [14], � [15], � [6],
� [16], 4 [17], [18]; from P measurements: pure Cr � [19],
V 1.2% � [20], V 2.8% � [20], V 3.2% � (our data).
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Inverse Hall coefficient

sit on the leading edge of the jump in the Hall coefficient
[6] at xc � 0:034. The pressure cell was mounted in the
bore of a superconducting magnet in a 3He cryostat to
reach sub-Kelvin temperatures.

The variation of the longitudinal resistivity as a func-
tion of pressure and temperature in the immediate vicin-
ity of the QCP is captured in Fig. 1. The minimum in ��T�
at Tmin marks the opening of the spin-density-wave gap
[7]. It collapses as a function of pressure, with the low-
temperature rise in ��T� disappearing at Pc � 7:5 kbar.
The temperature dependence of � for T > Tmin when P<
Pc and for all T < 100 K for P > Pc follows a T3 power
law expected from phonon scattering in a disordered
metal alloy [8]. Although Tmin�P� tracks Pc, the full T
dependence of the electrical resistivity at P� Pc appears
oblivious to the existence of the QCP, even under the
magnifying glass of pressure tuning. This smooth varia-
tion through Pc contrasts sharply with the ‘‘non-Fermi
liquid’’ behavior seen in some superconducting cuprates
[9], heavy fermion compounds [10], and metamagnets [5],
where a reduced power law in T emerges at the QCP. We
note that we find no evidence for a coexisting supercon-
ducting state near Pc [11] for T > 0:4 K.

The approach of the T ! 0 longitudinal resistivity to
Pc from below is one key measure of the quantum critical
behavior. The opening of the spin-density-wave gap
leads to an excess, normalized resistivity, ��=��T� �
���T� � �P�=�, where the baseline paramagnetic resistiv-
ity �P is determined from the extrapolation of the T3 fit
for T > Tmin to T � 0. We focus in Fig. 2(a) on ��=�
(T ! 0), which falls continuously to zero as a function of

pressure with a critical exponent less than 1. The rounding
in the immediate vicinity of Pc can be attributed to small
differences in V concentration across the sample. We fit
the data to a critical form ��=��T�0:5K;P���Pc�P��

convolved with a Gaussian distribution of critical pres-
sures. The three-parameter fit [dotted line in Fig. 2(a)]
yields a critical exponent � � 0:68	 0:03 at the critical
pressure Pc � 7:5	 0:1 kbar. This Pc corresponds to a
mean x0 � 3:189	 0:001%, close to the nominal V con-
centration of 3.2% and set by the empirical formula Pc �
31:042�3:430� x�, which is determined from a consid-
eration of all available data reported in the literature

FIG. 1 (color). Variation of the longitudinal resistivity � with
temperature and pressure (in descending order) in the imme-
diate vicinity of the quantum critical point for single crystal
Cr0:968V0:032. The minimum in the resistivity tracks the open-
ing of the spin-density-wave gap, which is completely sup-
pressed at the T � 0 critical pressure, Pc � 7:5 kbar.

FIG. 2 (color). Critical behavior of the (a) normalized resis-
tivity and (b) the inverse Hall coefficient in the T ! 0 limit as a
function of pressure P. The resistivity and the inverse Hall
coefficient approach the quantum phase transition with differ-
ent critical exponents. The curves are fits to �P� Pc�

0:68	0:03

and �P� Pc�
0:50	0:02, respectively, convolved with a Gaussian

spread in stoichiometry (see the text). (c) The exploded view at
the bottom illustrates the high resolution afforded by pressure
measurements as compared to results [6] from a series of
crystals with different vanadium concentrations. The inset in
(a) shows that �xy � �2

xx, implying that the transverse conduc-
tivity �xy�T � 0� is actually constant through the QCP.

P H Y S I C A L R E V I E W L E T T E R S week ending
7 MAY 2004VOLUME 92, NUMBER 18
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Hall effect at field-induced induced QCP of YbRh2Si2:

Hall coefficient vs field
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Hall effect in YbAgGe:

Hall resistivity vs field

FIG. 5: Field-dependent Hall coefficient of YbAgGe measured at different temperatures: (a)low

temperature data: the curves, except for T = 0.4 K, are shifted by 1µΩ cm increments for clarity;

the lines represent the phase lines from the phase diagram in Fig. 10(a) of the Ref. 2; the triangles

mark the position of the peak in ρH(H); (b)intermediate and high temperature data. Note: T = 10

K data is shown in both plots for reference and is un-shifted in (b).

14

Phase diagram

FIG. 6: Revised tentative T −H phase diagram for H ‖ (ab). Long range magnetic order (LRMO)

and the coherence temperature lines marked on the phase diagram are taken from Ref. 2. Filled

stars and corresponding dashed line as a guide to the eye are defined from the maximum in the

ρH(H) curves.
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(Bud’ko et al., PRB 71 (2005) 054408)
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... Hall effect in YbAgGe:

Hall resistivity vs field

were taken for two opposite directions of the applied field, H
and −H, and the odd component ��H�H�−�H�−H�� /2 was
taken as the Hall resistivity, �H�H�. Since, within the error
bars of the measured geometry of the samples and contact
positions, both samples in each pair yielded the same results,
for ease of comparison in the following we will present the
data for the samples used in Ref. 7.

The protocol of the measurements adopted in this work,
whereas time-conserving, resulted in an artifact �originating

from the hysteretic component of the magnetoresistance at
the lower magnetic transition,1–3 which is not eliminated
completely through the Hall resistivity calculations described
above in the measurements protocol used for most of the
measurements� seen in the low-temperature �H�H� data for
H �c at approximately 20–30 kOe �see Fig. 1�b� below�.
Whereas we kept this artifact in �H�H� data �Fig. 1�b�� for

illustrative purposes, subsequent data for H �c were truncated
to �30 kOe. For H �ab, a similar feature occurs below

FIG. 1. Field-dependent Hall resistivity of YbAgGe ��a� H �ab,

�b� H �c� measured at different temperatures. The curves, except for

T=50 mK, are shifted by 1 �� cm increments for clarity. For 400

and 500 mK, data from our initial measurements �Ref. 7� are shown

by � and � for comparison. Note: for �b� the feature located near

H=20–30 kOe is an artifact of the measurements protocol and hys-

teresis in magnetoresistivity at the lower transition �see text�.

FIG. 2. Field-dependent Hall coefficient of YbAgGe ��a� H �ab,

�b� H �c�, defined as RH=d�H /dH, measured at different tempera-

tures. The curves, except for T=50 mK, are shifted by �a�
0.2 n� cm/Oe and �b� 0.1 n� cm/Oe increments for clarity. Low-

field data in �b� �except for 750 mK, above the lover magnetic

transition� are truncated below �30 kOe �see text�.

BRIEF REPORTS PHYSICAL REVIEW B 72, 172413 �2005�

172413-2

(Bud’ko et al., PRB 72 (2005) 172413)

dM/dH vs field

the dM /dH data taken at 0.25 K and 0.39 K near 3 T. In
higher fields, e.g., H�7 T for the 0.05 K curve, a broad
shoulder in dM /dH is also observed. This shoulder is only
marginally detectable for T=0.5 K and lack of high field data
for the intermediate temperatures does not allow to follow its
evolution with temperature.

The low temperature part of the temperature-dependent
heat capacity in constant applied magnetic field is shown in
Fig. 5. All the data below �200 mK show an upturn that
corresponds to nuclear contributions to the specific heat. The
data above �400 mK are consistent with the previously re-
ported heat capacity data.1 For H=4 T, the onset of magnetic
order can still be clearly seen in the heat capacity data
�marked with an arrow in Fig. 5�.

From the Cp�T� data taken in different fields we can as-

semble C�H� /T data and plot them together with the differ-

ential susceptibility, �=dM /dH. Figure 6 illustrates that, at
least over some H-T range, these two quantities are propor-
tional to each other, with a constant proportionality factor.
This implies that the C /T data as well as the dM /dH data
emerge from the same electronic degrees of freedom. It
should be noted that the magnetic transition is at least as
clearly seen in the C /T vs H as in the dM /dH curves
�Fig. 6�. In order to follow this proportionality to lower
temperatures the nuclear contributions to the specific heat
�Schottky, hyperfine� were subtracted. The nuclear specific

heat Cnuc=� /T2 was determined by fitting CT2 data at low
temperatures, below 0.1 K, with �+�T3. The resulting data
are shown in Fig. 7. As can be seen, below 300 mK the
�Cp /T data are essentially temperature independent �Fig.
7�a�, inset�. It should be noted that within the framework of
this background subtraction, this temperature independence
of �Cp /T is in contrast to the clear linear in temperature
resistivity7 in parts of this H-T region. This allows for the
estimation of �Cp /T for T=0.05 K. These data are compared
to dM /dH at the same temperature. As can be seen in Fig.
7�b�, the proportionality between Cp /T and dM /dH appears
to extend down to our lowest measured temperatures. On the
other hand, it breaks down for temperatures of 1 K and
higher �Fig. 6�. This is the same temperature range in which
the temperature-dependent resistivity measured in different
applied magnetic fields allows for a single-power-law fit.7 It
should be noted that an accurate assessment of the
Sommerfeld-Wilson ratio, R=4��2kB

2 /3��eff
2 , from the data

in Fig. 6 is hampered by the anisotropy of the magnetic
susceptibility in YbAgGe and ambiguity of the �eff value in
the H-T domain of the aforementioned data. If forced to do
it, the evaluation using the high temperature �eff=4.54�B �an
overestimate for the low temperature �eff� will result in the
�underestimated� Sommerfeld-Wilson ratio value R�1.

Further examination of the Fig. 6 reveals the shoulder at
�6–7 T in the C /T data �as well as in the base temperature,
50 mK, dM /dH data in Fig. 3�b��. A similar anomaly in

FIG. 3. �a� Representative plots of low-temperature field-dependent magnetization, M�H�, of YbAgGe �H �ab�. Curves are shifted along

the y axis by multiplicative factors of 0.1 �B for clarity; �b� dM /dH derivatives for the representative M�H� taken on increase of the

magnetic field; curves for T�0.25 K have an offset by a multiplicative of 0.05 �B /T for clarity �see text for the discussion of different

features�.

LOW-TEMPERATURE THERMODYNAMIC PROPERTIES OF¼ PHYSICAL REVIEW B 73, 094435 �2006�

094435-3

(Tokiwa et al., PRB 73 (2006) 094435)
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were taken for two opposite directions of the applied field, H
and −H, and the odd component ��H�H�−�H�−H�� /2 was
taken as the Hall resistivity, �H�H�. Since, within the error
bars of the measured geometry of the samples and contact
positions, both samples in each pair yielded the same results,
for ease of comparison in the following we will present the
data for the samples used in Ref. 7.

The protocol of the measurements adopted in this work,
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from the hysteretic component of the magnetoresistance at
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the dM /dH data taken at 0.25 K and 0.39 K near 3 T. In
higher fields, e.g., H�7 T for the 0.05 K curve, a broad
shoulder in dM /dH is also observed. This shoulder is only
marginally detectable for T=0.5 K and lack of high field data
for the intermediate temperatures does not allow to follow its
evolution with temperature.

The low temperature part of the temperature-dependent
heat capacity in constant applied magnetic field is shown in
Fig. 5. All the data below �200 mK show an upturn that
corresponds to nuclear contributions to the specific heat. The
data above �400 mK are consistent with the previously re-
ported heat capacity data.1 For H=4 T, the onset of magnetic
order can still be clearly seen in the heat capacity data
�marked with an arrow in Fig. 5�.

From the Cp�T� data taken in different fields we can as-

semble C�H� /T data and plot them together with the differ-

ential susceptibility, �=dM /dH. Figure 6 illustrates that, at
least over some H-T range, these two quantities are propor-
tional to each other, with a constant proportionality factor.
This implies that the C /T data as well as the dM /dH data
emerge from the same electronic degrees of freedom. It
should be noted that the magnetic transition is at least as
clearly seen in the C /T vs H as in the dM /dH curves
�Fig. 6�. In order to follow this proportionality to lower
temperatures the nuclear contributions to the specific heat
�Schottky, hyperfine� were subtracted. The nuclear specific

heat Cnuc=� /T2 was determined by fitting CT2 data at low
temperatures, below 0.1 K, with �+�T3. The resulting data
are shown in Fig. 7. As can be seen, below 300 mK the
�Cp /T data are essentially temperature independent �Fig.
7�a�, inset�. It should be noted that within the framework of
this background subtraction, this temperature independence
of �Cp /T is in contrast to the clear linear in temperature
resistivity7 in parts of this H-T region. This allows for the
estimation of �Cp /T for T=0.05 K. These data are compared
to dM /dH at the same temperature. As can be seen in Fig.
7�b�, the proportionality between Cp /T and dM /dH appears
to extend down to our lowest measured temperatures. On the
other hand, it breaks down for temperatures of 1 K and
higher �Fig. 6�. This is the same temperature range in which
the temperature-dependent resistivity measured in different
applied magnetic fields allows for a single-power-law fit.7 It
should be noted that an accurate assessment of the
Sommerfeld-Wilson ratio, R=4��2kB

2 /3��eff
2 , from the data

in Fig. 6 is hampered by the anisotropy of the magnetic
susceptibility in YbAgGe and ambiguity of the �eff value in
the H-T domain of the aforementioned data. If forced to do
it, the evaluation using the high temperature �eff=4.54�B �an
overestimate for the low temperature �eff� will result in the
�underestimated� Sommerfeld-Wilson ratio value R�1.

Further examination of the Fig. 6 reveals the shoulder at
�6–7 T in the C /T data �as well as in the base temperature,
50 mK, dM /dH data in Fig. 3�b��. A similar anomaly in

FIG. 3. �a� Representative plots of low-temperature field-dependent magnetization, M�H�, of YbAgGe �H �ab�. Curves are shifted along

the y axis by multiplicative factors of 0.1 �B for clarity; �b� dM /dH derivatives for the representative M�H� taken on increase of the

magnetic field; curves for T�0.25 K have an offset by a multiplicative of 0.05 �B /T for clarity �see text for the discussion of different

features�.
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these phase lines consistently manifest themselves in magne-
tization, specific heat, magnetoresistance, and Hall effect
measurements.

IV. SUMMARY

Temperature- and field-dependent magnetization measure-
ments performed on YbAgGe single crystals with the mag-
netic field in the basal plane confirm the magnetic phase
lines suggested by the electrical transport and specific heat
measurements in applied field. The Hall line that originates
at the field-induced QCP �Refs. 6 and 8� has a correspondent
feature in dM /dH data as well, and this feature extends to
temperatures above the zero applied field magnetic ordering
temperature. For all studied temperature range �50 mK�T

�2 K� the magnetization does not saturate below 11 T, sug-

gesting that the Yb moment is not saturated in the H-T do-
main of these measurements, and the Yb magnetic moment
saturation is not associated with the field induced QCP in this
material. The observed proportionality of the differential sus-
ceptibility and the linear-in-temperature coefficient of spe-
cific heat clearly indicates that the same electronic degrees of
freedom are responsible for the features seen in both sets of
data not only in the Fermi liquid regime, but also in the
lower field, NFL region.
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FIG. 7. �a� Low temperature part of the temperature-dependent

heat capacity of YbAgGe �H �ab�, with nuclear contributions sub-

tracted, plotted as �Cp /T vs T on a semilog plot. Arrow marks the

magnetic transition in the H=4 T curve; �b� Low temperature dif-

ferential susceptibility, dM /dH, and Sommerfeld coefficient, C /T,

with nuclear contributions subtracted, as a function of applied mag-

netic field. Data for T=0.25 K are shifted vertically by 0.1 �B /T

�dM /dH� and 0.825 J /mol K2 �C /T� for clarity.

FIG. 8. H-T phase diagram of YbAgGe �H �ab�: solid lines:

magnetic phase lines �Refs. 1 and 7�; dashed lines: Hall effect lines

�Refs. 6 and 8; symbols: data from this work; �: from field-up

M�H� data; �: from M�T� data taken on increase of temperature; *:

from field-down M�H� data; 	: from M�T� data taken on tempera-

ture decrease; and �, �: from heat capacity data plotted as Cp�T�
and C�H� /T, respectively.
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De Haas - van Alphen studies: CeRu2Si2

dHvA frequency vs field Effective mass vs field

(Aoki et al., PRL 71 (1993) 2110)
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Hall effect measurements on CeRu2Si2

ρxx and ρxy vs field

and down to lower temperatures, revealing new features
that necessitate qualitative changes in interpretation.

In particular, the peak in �xx at the MMT, associated
with magnetic scattering, initially sharpens up when T is
lowered, but at the lowest temperatures the peak turns into
a kink. A similar peak in �xy disappears completely and

turns into a downward kink at the lowest temperatures—a
feature entirely missed in the previous studies [15], dem-
onstrating a much improved signal-to-noise ratio. At
low-T, �xy in our measurements increases monotonically

with field and lacks the unphysical plateau regions that
were previously observed [15].

The most important feature in our data, evident from the
insets of Fig. 1, is the absence of a discontinuity, or of
hysteresis, in either the magnetoresistivity or the Hall
resistivity as the MMT is crossed. If the MMT represented
an abrupt 4f localization transition, a discontinuity would
almost certainly be expected since, in a simple view, the
Hall number tracks the carrier density, while the resistivity
tracks the Fermi surface area. Also, localization would turn
CeRu2Si2 into an uncompensated metal, implying huge
changes in the magnetoresistance which we do not observe.

Resistivity power laws.—A related question is whether
CeRu2Si2 remains a Fermi liquid at all fields. This issue

can be addressed through power law analysis of the
T-dependent resistivity. The logarithmic derivative x �
@ ln��� �0�=@ lnT can indicate whether the system is still
in a Fermi liquid regime with dominant electron-electron
scattering (x � 2). Such power law analysis has directly
revealed non-Fermi liquid regions in phase diagrams, e.g.,
for Sr3Ru2O7 [11] and YbRh2Si2 [17].

To facilitate this kind of analysis, we have performed
additional temperature sweeps at fixed magnetic field; see
the inset of Fig. 2. The main panel of that figure shows how
the Fermi liquid (x � 2) state is confined to a low T region
below the MMT and then rapidly but continuously opens
out above 8 T. Importantly, though, in the low-T limit we
always have x! 2, implying that the ground state of
CeRu2Si2 is a Fermi liquid at all fields. The A coefficient
in the resistivity is roughly reciprocal to the width of the
Fermi liquid region and tracks both �2 [6] and the 1=T1T in
99Ru NMR [18] extremely well.

This exponent plot contrasts strikingly with that in
Sr3Ru2O7 where (a) the high-field state appears to be the
more renormalized one [11], and (b) the system departs
from Fermi liquid behavior at the MMT, indicating the
presence of a novel state that has yet to be identified [13].

Orbital analysis.—We have seen so far that CeRu2Si2 is
a Fermi liquid at all fields, and that our results rule out an
abrupt Fermi surface change. A detailed analysis of the
orbital magnetoconductivity can give further clues to the
Fermi surface evolution in the field.

For the magnetoresistance, extracting the orbital part is
simple: we just need to view the lowest-T data where
electron-electron scattering has been cut out. It can be
more elaborate to extract the orbital contribution to the
Hall effect from the anomalous ones that arise from skew
electron-electron and electron-impurity scattering. The
usual analysis [19] assumes that the T-dependent low-field
Hall coefficient depends linearly on �� [20], so that an

FIG. 2 (color). T-dependent resistivity at a few fixed values of
B (inset), and density plot of the power law exponent x versus B
and T (main panel), interpolated from T sweeps at B � 0:2, 2, 4,
5.5, 6.5, 7.3, 7.7, 8, 8.3, 8.7, 9.5, 10.5, 12, 14, and 16 T.
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FIG. 1 (color). In-plane (| k ab, B k c) transverse magneto-
resistivity (�xx, upper panel) and Hall effect (�xy, lower panel)

for CeRu2Si2. The base T is around 6.5 mK.
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ρxx and ρxy for model system

extrapolation to �� � 0 gives the orbital part. In our data,
this linear relationship appears to be invalid, so we have to
resort to a more qualitative discussion. The total low-T
Hall coefficient is around 2� 10�9 m3=C, roughly the
right magnitude expected for the orbital effect; in compari-
son, the anomalous contribution in other heavy fermion
systems near magnetic instabilities such as YbRh2Si2 [19]
is less than 0:1� 10�9 m3=C even for residual resistivities
2–3 times higher than in our sample. We can therefore
conclude with some confidence that the bulk of our
lowest-T Hall signal is orbital, not anomalous, in origin.

We can get some initial guidance for the analysis from
the relevant energy scales. The heavy  sheet has a Fermi
temperature of order the Kondo temperature, TK ’ 20 K.
With a Wilson ratio of �2 typical for Kondo systems, the
MMT field of 8 T is very similar to the Fermi energy,
2�BBMMT ’ EF. Zeeman spin splitting of the  sheet
should therefore lead to progressive shrinking of the ma-
jority spin " sheet (recall that  is a hole sheet) until the
whole of the " band is driven below the Fermi energy at
moderate fields of order BMMT. At this field, the " volume
takes up the whole BZ, its surface shrinks to a point, and
the heavy " electron is no longer itinerant [21].

We can model the essence of these ideas with a spin-split
Fermi surface in a simple parabolic (but not necessarily
isotropic) band. To quantify the spin splitting, k2

F# � k
2

F"—

essentially the Zeeman splitting—is taken proportional to
B while the total Fermi volume is held constant. The
conductivity contributions �xx / k

2
F
=�1� cot2�H� and

�xy / k
2
F

cot�H=�1� cot2�H� of both sheets can be added,

and the resulting resistivities are shown in Fig. 3. �H is the

Hall angle: cot�H � eBlfree=@kF; the mean free path lfree ’

2700 �A is the only free parameter of the model and takes
on a value compatible with the residual resistivity. The

comparison with the actual data in Fig. 1 shows very good
qualitative agreement: the main features in the low-T data
are remarkably well reproduced, such as the direction and
relative size of the kinks at BMMT, and the formation of the
high-field plateau in the magnetoresistivity.

A more realistic calculation that takes proper account of
the multiband nature of CeRu2Si2 would require much
more intricate calculations based on band structure data,
and would be further complicated by the strong magne-
toelastic coupling [2]. However, we do not expect such an
increase in detail to change the nature, direction, or even
the approximate magnitude of the resistivity kinks seen in
our model. Broadly speaking, the other sheets will contrib-
ute a smooth background magnetoconductivity of the same
order of magnitude as the  -sheet contribution itself; their
Hall conductivity will be weak since they provide a fairly
even distribution of electron and hole orbits. One might
also worry about hybridization between the smaller hole
sheets and the " sheet as it shrinks, but this affects only a
negligibly small subset of cyclotron orbits.

A previous scenario [23] suggested that the " level
should jump through the f-level hybridization gap and
create a small but expanding electron sheet on the high-
field side of the MMT. Additional calculations that we have
made show that this new electron sheet should have a
dramatic influence on the Hall effect, a feature that is
entirely absent in the experimental data. We therefore
conclude that the " level remains within the hybridization
gap for fields up to at least 16 T.

The presence of a hybridization gap appears to conflict
with the observation of enhanced specific heat [6] and
differential susceptibility at the MMT, which indicates a
peak, not a gap, in the density of states. However, it has
been suggested that fluctuation contributions can further
enhance the specific heat near Fermi surface topology
transitions [22]. The observed specific heat data [6], as
well as the exponent plot in Fig. 2, do, in fact, resemble a
fluctuation peak superposed on a band edge. Also, the
lattice softening at the transition [2] already points towards
significant effects of coupled volume and magnetization
fluctuations on the thermodynamic properties. Ultimately,
however, theory precludes actual specific heat divergences
at Fermi surface topology transitions, and this might be
why the MMT in CeRu2Si2 remains a crossover.

dHvA Fermi surface data.—At first glance, existing [24]
and our own dHvA data seem at odds with the continuous
Fermi surface evolution discussed above, since a frequency
of 28 kT is observed which matches a large hole orbit (!)
in band calculations [25] that assume complete f localiza-
tion. This constitutes the main evidence for the existing,
abrupt ‘‘large or small’’ transition scenario [4].

However,! is one of two orbits with the same (to within
1%–2%) dHvA frequency for on-axis fields, the other
being a hole orbit (�) in the extended sheet of the
f-itinerant, low-field band structure (Fig. 4). The � orbit
is seen unambiguously below the MMT when CeRu2Si2 is
pressurized [26]. Above the MMT, the angular behavior of
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De Haas - van Alphen studies: CeRh2Si2

Neutron diffraction

ments by Grosche et al.16 and Thompson et al.17 In Fig. 6
also is shown the magnitude of the saturated ordered mag-
netic moment, m , as a function of the pressure. In the figure,
one should note that the saturated ordered moment starts
decreasing immediately when the pressure is applied in the
same way as TN1 does. In order to make this point clear, we
plot in Fig. 7 the magnitude of the saturated ordered moment
as a function of the transition temperature by taking the pres-
sure as the implicit parameter. In the figure, it is remarkable
that the magnitude of the ordered moment is proportional to
the transition temperature up to 1.03 GPa. This means that
the atomic magnetic moment of cerium in this compound is
variable longitudinally, which is rather unexpected from its
extraordinary high Néel temperature: If the cerium atom has
a well-defined localized moment, the ordered moment in Fig.
7 should be independent of the transition temperature at least
in the region of small pressure. The proportionality between
the ordered moment and the transition temperature is char-
acteristic of the itinerant electron magnets and has been typi-
cally observed in the spin-density wave phase of the chro-
mium alloys.18 We therefore conclude that the character of
the magnetic order in CeRh2Si2 is metallic from the view
point of the longitudinal flexibility of the atomic magnetic
moment. Another important feature in Fig. 7 is that the point
for 1.08 GPa deviates significantly from the linear relation.
The sublattice moment at this pressure saturates at
0.076mB /Ce and depends on temperature quite normally
with a clearly defined transition temperature TN510.0 K as
shown in the inserted figure. If one extrapolates the curve
connecting all the points in Fig. 7, it seems that the curve
approaches the TN coodinate at a nonzero value of TN around
10 K. As a matter of course, it makes no sense to expect that
the system with an absolutely null ordered moment has a
finite transition temperature. However, one can reasonably
expect from Fig. 7 that, if the pressure is properly increased

a little more, the system must have a moment much smaller
than 0.076mB /Ce with no significant shift in TN from 10 K.
The figure indicates that the system undergoes, with increas-
ing pressure, two different electronic states one after the
other: One is characterized by the proportionality of the m
and the TN ~this state is denoted as the low-pressure state!,
and so is the other ~denoted as the critical-pressure state! by
the moment which reduces toward zero at the nonzero tran-
sition temperature.

Contraction of a Kondo-lattice crystal due to pressure
causes increase of the Kondo temperature through the in-
crease of the hybridization of the f electrons and the conduc-
tion electrons. When temperature is reduced much lower
than the Kondo temperature, a hybridization gap ~the coher-
ence gap! is formed by the Fermi level and its size takes
place of the hybridization energy kBTK as the energy scale of
the system.19 The Kondo temperature of CeRh2Si2 has been
estimated to be about 100 K from the observed behavior of
1/T1 of NMR,8 though not established. Because, as has al-
ready been discussed, the magnetism of CeRh2Si2 is metallic
at the ambient pressure the Kondo temperature is expected to
be at least comparable with or higher than its Néel tempera-
ture of 35 K, being consistent with the NMR result. We,

FIG. 6. The saturated sublattice moment ~per cerium atom! and
the transition temperatures as functions of the applied pressure. At
P50.79 GPa, we failed to determine the magnitude of the moment
in the absolute scale but obtained only the transition temperature.

FIG. 7. The saturated sublattice moment ~per cerium atom! as a
function of the transition temperature TN1 . The moment and the
transition temperature are normalized at the ambient pressure. The
broken line is a guide to eyes. The unit of the pressure is GPa. The
inseted figure shows the temperature dependence of the sublattice
moment at P51.08 GPa.

4172 PRB 61SHUZO KAWARAZAKI et al.

(Kawarazaki et al., PRB 61 (2000) 4167)

dHvA frequency

field.1,2) The dHvA branches at ambient pressure, which are

identified from the 4f -localized band model, namely the

Fermi surface of LaRh2Si2, are slightly changed at P0
c ’

0:6GPa. Branches o, � and � disappear completely and new

branches named p, q and r appear above P0
c ’ 0:6GPa. This

is because the magnetic structure changes from the 4q-

structure to the q1-structure at P0
c ’ 0:6GPa, as mentioned

above. Branches d and � are, however, unchanged against

pressure up to Pc. Note that branches d and � are found at

1.03GPa, while at 1.08GPa they disappear completely and a

new branch named A appears. With further increasing

pressure, two branches named B and C are also detected.

These three branches are well identified by the 4f -itinerant

band model, as shown in Fig. 19(c).68)

The cyclotron mass shown in Fig. 19(b) increases with

increasing pressure, reaching 28m0 at 1.03GPa for branch d,

which is four to five times larger than that at ambient

pressure. It is also noted from the neutron scattering

experiment that the magnetic moment decreases with

increasing pressure, approximately corresponding to the

pressure dependence of TN.
66) Above Pc, the cyclotron
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Hall effect measurements on CeRh2Si2

Hall coefficient vs temperature

metals RH / wQ and this normal Hall effect could exceed

the anomalous contribution [12]. This latter theory seems

to be the more appropriate in CeRh2Si2 since RHðTÞ

follows closely wðTÞ on the whole temperature range. At

low temperature, RH depends weakly on temperature and

saturates to a value R0
HðPÞ. Contrary to the case of

YbRh2Si2 the normal Hall resistances extrapolated in the

high-temperature and in the low-temperature limits do not

coincide [6]; however our extrapolation may not be valid in

the high-temperature limit due to the difficulty to extract

the anomalous contribution.

At ambient pressure, Hall resistance in the low-

temperature limit R0
H ¼ 9; 2:10�3 cm3=Cb is positive and

rather large. Measurements performed on samples of

different qualities give similar values of R0
H; this effect is

intrinsic and residual anomalous Hall effect due to defects

and impurities seem negligible. R0
H depends strongly on

pressure (Fig. 2): it is continously reduced and changes sign

in the vicinity of the critical pressure PC1. RH is small but

finite in the paramagnetic phase though a picture of

completely itinerant 4f-electrons would imply CeRh2Si2 to

be a compensated metal and Hall resistance should be zero.

According to de Haas–van Alphen effect, the Fermi surface

remains unchanged up to PC1 where it is strongly modified.

As a consequence, Hall effect should remain constant in

the AF phase. However, band calculation performed on

YbRh2Si2 shows that small changes in the f-electron

occupation leads to quasi invariant Fermi surfaces despite

a large change of Hall resistance: the latter thus is more

sensitive to tiny valence change related to modification of

the effective mass [13]. The sign change of RH at PC1

reveals a strong modification of Fermi surface in agreement

with de Haas–van Alphen measurements.
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the anomalous contribution [12]. This latter theory seems
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finite in the paramagnetic phase though a picture of

completely itinerant 4f-electrons would imply CeRh2Si2 to

be a compensated metal and Hall resistance should be zero.

According to de Haas–van Alphen effect, the Fermi surface

remains unchanged up to PC1 where it is strongly modified.

As a consequence, Hall effect should remain constant in

the AF phase. However, band calculation performed on

YbRh2Si2 shows that small changes in the f-electron

occupation leads to quasi invariant Fermi surfaces despite

a large change of Hall resistance: the latter thus is more

sensitive to tiny valence change related to modification of

the effective mass [13]. The sign change of RH at PC1

reveals a strong modification of Fermi surface in agreement

with de Haas–van Alphen measurements.

References

[1] J.D. Thompson, R.D. Parks, H. Borges, J. Magn. Magn. Mater.

54–57 (1986) 377.

[2] S. Kawarazaki, et al., Phys. Rev. B 61 (2000) 4167.

[3] S. Araki, et al., Phys. Rev. B 64 (2001) 224417.

[4] M. Ohashi, et al., Phys. Rev. B 68 (2003) 144428.

[5] J. Flouquet, cond mat. 0501602.

[6] S. Paschen, et al., Nature 432 (2004) 881.

[7] A. Yeh, et al., Nature 419 (2002) 459.

[8] E. Cattaneo, Z. Phys. B 64 (1986) 305.

[9] Y. Onuki, et al., J. Phys. Soc. Japan 58 (6) (1989) 2126.

[10] H. Mori, et al., Physica B 259–261 (1999) 58.

[11] H. Kontani, K. Yamada, J. Phys. Soc. Japan 63 (1994) 2627.

[12] H. Kontani, K. Kanki, K. Ueda, Phys. Rev. B 59 (1999) 14723.

[13] M.R. Norman, Phys. Rev. B 71 (2005) 220405.

ARTICLE IN PRESS

0

0.01

0.02

10 100

R
H

 (
c
m

3
/C

)

T (K)

0 kbar

0

0.01

0.02

2.7 kbars

0

0.01

0.02

5.9 kbars

0

0.01

0.02

7.6kbars

0

0.01

0.02

10 kbars

0

0.01

0.02

11 kbars

0

0.01

0.02

13 kbars

Fig. 1. Temperature dependence of Hall resistance; arrows indicate Neel

temperature.

-0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

0 2 4 6 8 10 12 14

R
H

 (
c
m

3
/C

)
P (kbars)

PC2

PC1

Fig. 2. Pressure dependence of residual Hall resistance.

R. Boursier et al. / Physica B 378–380 (2006) 76–77 77

(Boursier et al., Physica B 378-380
(2006) 76)

Trieste06,19



Hall effect measurements on CeCu6−xAux

Hall resistivity vs field

rxyðB;TÞ dependence. For Tp200mK, rxyðBÞ is nearly

zero below about 0.5 T. rxyðBÞ then rises and exhibits a

maximum around 1.7 T, as for the other concentrations.

(Note the extremely small absolute values of rxy compared

to all other concentrations.) As a further unusual feature,

with increasing T, jrxyðBÞj increases for x ¼ 0 and 0.05 in

contrast to all other samples. For xX0:1, a smooth

evolution of rxyðBÞ is found. The maximum of rxyðBÞ

measured at 50mK becomes more pronounced as rxy

increases with x, and is shifted to lower fields, i.e. to B ¼

1:65; 1:53 and 1.42T for x ¼ 0:1; 0:15 and 0.2, respectively.

Fig. 2 shows the longitudinal resistivity rxx for the same

parameter range as rxy (Fig. 1). Here, the maximum is only

observed for 0pxp0:1 and a monotonic negative MR is

found for xX0:15. The positive MR (Kohler’s rule) signals

the existence of a HF ground state while the shallow

maximum may be associated with the metamagnetic

transition in CeCu6 [9]. The alloy with x ¼ 0:1 highlights

the distinctly different origins of the maxima in rxyðBÞ and

rxxðBÞ, being shifted to higher and lower fields with

increasing T, respectively.

This work was supported by the Helmholz Association

for Research Centers (HGF) under contract nos. VH-FZ-

021 and VH-NG-016. We thank M. Röger and M. Uhlarz

for their help.
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temperatures T, with Bkc (easy direction) and current Ika.
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Some news on YbRh2Si2



YbRh2Si2

Phase diagram
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Hall effect in YbRh2Si2

Initial Hall coefficient vs T
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Initial Hall coefficient vs T (RH = dρH/dB|B=0T )
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Initial Hall coefficient vs T (RH = dρH/dB|B=0T )
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Hall measurements vs field
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Single- and crossed-field experiments

Single-field: “transverse” tuning
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Single-field experiment: Hall resistivity ρH vs field B1
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Fitting function
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Phase diagram
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Crossed-field experiment: Hall resistivity vs B1 at different B2

0.0 0.5 1.0 1.5 2.0 2.5
0.7

0.8

0.9

1.0

1.1

1.2

1.3b

 V
H

 B
2

I

δ
 
B

1

T (mK): 45, 65, 75, 93

YbRh
2
Si

2

 

 

R
H

 /R
H
(B

0)

B
2
/B

0

0.00 0.25 0.50
0.0

0.5

1.0

δB
1

R
H
δ

 
B

1

B
2
 (mT):  0, 70, 150

T = 65 mK

 B
1
 (T)

 ρ
H
 (

10
-1

0  Ω
m

)

∆RH/RH = 35%, ∆m << 0.002µB (µSR): Huge effect!
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Phase diagram

� � � �
���

���

���

���

�����
�
�������

�
�

��
�

��
�
�

�
�	



�����

�	
�
�
�

�

�

�

�
��
�
�

�����

���

�

��
���� ��� �

������

�
�
�
�
��
�
�

“Zeeman” term unimportant at small T

Trieste06,33



Ce3Pd20Si6

Fig. 1. The unit cell of Ce
3
Pd

20
Si

6
. Only Ce positions are shown.

Fig. 2. Temperature dependence of the magnetization in

Ce
3
Pd

20
Si

6
.

One of the subsystems involves Ce3` ions in Ce2

[1] positions which form &small' cubes inside the

unit cell. Within the framework of the &molecular

magnetism' model, Ce2 atoms should interact pre-

ferably inside the &small' cubes. Ions of each cube

make up magnetic &molecules' with a magnetic

moment that increases with decreasing temperature

and undergo antiferromagnetic-like ordering at

¹
.!'/

.

The second cerium subsystem consists of Ce1

ions. These ions are less magnetically active be-

cause they have Si as the nearest neighbors. In this

model the Ce1 atoms may mostly play the role of

Kondo scattering centers for the conduction elec-

trons. Ordering in the Ce2 sublattice near ¹
.!'/

removes the Ce1}Ce2 interactions which are

competitive with the Kondo ones. This could ex-

plain the enhanced increase in electrical resistivity

due to Kondo scattering of the conducting elec-

trons in Ce
3
Pd

20
Si

6
after the magnetic transition.

The magnetic susceptibility measurements for

Ce
3
Pd

20
Si

6
show a pronounced peak at 0.15 K

which is ascribed to a magnetic phase transition

[2]. Moreover, the existence of a remanent mag-

netic moment indicates that the ordering is of the

spin-glass like type.

The polycrystalline samples of Ce
3
Pd

20
Si

6
were

prepared by using a melting technique in an arc

furnace in argon atmosphere as described in

Ref. [1]. The samples were annealed under argon

atmosphere (about 24 days). The crystal structure

of the samples, determined by X-rays analysis, is

the same as reported in Ref. [1].

The magnetic properties of Ce
3
Pd

20
Si

6
were

studied by using a standard commercial DC SQUID

magnetometer as a function of temperature

(2}200 K) and of magnetic "eld (10 Oe to 30 kOe).

Fig. 2 shows the magnetic moment M versus the

temperature ¹ for the sample Ce
3
Pd

20
Si

6
, which

was cooled down to 5 K in zero-magnetic "eld

(a magnetic "eld H"10 Oe was then applied). The

anomaly of M(¹) at ¹
.1

K50 K is clearly present,

though it appears more smooth in comparison with

analogous measurements reported in Ref. [5]. It is

important to note that M(¹) at high "eld (30 kOe)

does not show any anomaly at ¹
.1

. Another mag-

netic anomaly, namely the non-linear behaviour of

the magnetization M(H) at low "elds (below 2 kOe),

was also con"rmed in the present magnetic

measurements. The dashed line in Fig. 2 represents

the contribution of 3N
A

free cerium ions with a ce-

rium e!ective magnetic moment k
%&&

"2.54 l
B
. Re-

markably, at high temperature (above 45 K) one

observes M(¹)'M
&3%%

, whereas at low temper-

ature the opposite relationship M(¹)(M
&3%%

takes

place. The calculations within the framework of

&molecular' magnetism model (solid line on Fig. 2)

reasonably describe M(¹).

44 V.N. Duginov et al. / Physica B 289}290 (2000) 43}46

cubic crystal structure
space group Fm3̄m
Ce in 2 different polyhedra:
1: 6 Si, 12 Pd; 2: 16 Pd

(Gribanov et al., JAC 204 (1994) L9)

Magnetic susceptibility
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Similar to earlier findings of Kitagawa et al.,
PRB 53 (1996) 5101

Trieste06,34



Specific heat
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Phase diagram
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(Strydom et al., Proc. RHMF06)
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Electrical resistivity vs T

��� ��� ��� ��� ��� ���

��

��

��

	�

	�


�
�


�
�


�
�


�
�

�
ρ

�µ

Ω

�
�

�
���

��
	
��

��
��
�

Electrical resistivity vs T 2
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(Paschen et al., submitted to JMMM, Proc. ICM06)
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Conclusion

Review:

• Large number of Hall effect and dHvA experiments

YbRh2Si2:

• New crossed-field data confirm old ones

• Deviations of old single-field curves from new crossed-field curves

above 150 mK do not change the main conclusions

• Crossover of RH(B2) sharpens with lowering T and extrapolates

to step at T = 0, in conflict with SDW QCP

Ce3Pd20Si6:

• New field-induced quantum critical compound

• Large single crystals available!
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