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ac susceptibility and static magnetization measurements of CeRu2Si2 at small magnetic fields
and ultralow temperatures
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The magnetic properties of CeRu2Si2 at microkelvin temperatures~down to 170mK) and ultrasmall mag-
netic fields (0.02;6.21 mT) are investigated experimentally. The simultaneously measured ac susceptibility
and static magnetization show neither evidence of the magnetic ordering, superconductivity down to the lowest
temperatures nor conventional Landau Fermi-Liquid behavior. The results imply the magnetic transition tem-
perature in undoped CeRu2Si2 is very close to absolute 0 K. The possibility for proximity of CeRu2Si2 to the
quantum critical point without any doping is discussed.
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The unusual properties of heavy fermion~HF! systems are
determined by the competition between intersite spin c
plings, Ruderman-Kittel-Kasuya-Yosida interaction, and
trasite Kondo interaction.1 In a system dominated by th
Kondo effect, the Pauli paramagnetic~PP! state with massive
quasiparticles is achieved through screening of thef elec-
tron’s magnetic moments by conduction electrons below
characteristic temperatureTK . The physical properties of th
HF compounds belowTK are well understood within the
framework of the Landau Fermi-liquid~LFL! theory.

Recently, however, non-Fermi-liquid~NFL! behavior was
observed in a large class of HF compounds near the quan
critical point ~QCP!.2,3 NFL systems exhibit anomalous tem
perature dependence of the physical quantities in contra
the LFL theory, such as specific heatDC/T}2 ln T, resistiv-
ity Dr}Te(1<e,2), and magnetic susceptibilityDx} ei-
ther 12AT or 2 ln T. In general, the quantum~zero-
temperature! phase transition is driven by a contr
parameter other than temperature, for example, composi
pressure, or magnetic field, and is accompanied by a qu
tative change in the correlations in the ground state. T
second order quantum phase transitions and QCPs in
systems can be classified into two types.~i! The long-
wavelength fluctuations of the order parameter are the o
critical degrees of freedom and the quantum criticality
developed as spin-density wave instability,4,5 here the zero-
temperature spin fluctuations are given by the Gaussian
tuations of the order parameter.~ii ! Local critical modes co-
exist with long-wavelength fluctuations of the ord
parameter and there is non-Gaussian distribution of
fluctuations.6 These are the so-called locally critical pha
transitions where the quantum criticality of CeCu(62x)Aux
~Ref. 7! and YbRh2Si2 ~Ref. 8! are regarded as type-~ii !
QCP.6

CeRu2Si2 with a ThCr2Si2-type crystal structure is wel
known to be a typical HF compound with an electron
specific-heat coefficient g5350 mJ/K2mol below TK
520 K.9,10This compound exhibits the pseudometamagn
transition into the ferromagnetically ordered state induced
0163-1829/2003/67~18!/180407~4!/$20.00 67 1804
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the magnetic field atHM57.8 T below 10 K.11–15 The
neutron-scattering measurements note short-range antif
magnetic~AFM! correlations in CeRu2Si2 even belowTK .
These time-fluctuating correlations are described by differ
incommensurate wave vectors.16,17A mSR experiment shows
an ultrasmall static moment of the order of 1023mB .18 It is
most remarkable that the alloying compound syste
Ce(12x)LaxRu2Si2 and Ce(Ru(12x)Rhx)2Si2 show an incom-
mensurate spin density wave~SDW! ground state in a con
centration rangex.0.08 ~Ref. 19! and 0.03,x,0.4 ~Ref.
20!. This long-range ordering has the form of a sine-wa
modulated structure with the short-range correlation
CeRu2Si2, as described above. At the critical concentratio
of xc50.075 for La andxc50.03 for Rh doping, the SDW
transition vanishes butTK remains a finite temperature
Therefore, these small critical concentrations of La and
suggest that CeRu2Si2 might be located in the vicinity of the
type-~i! QCP, and AFM spin fluctuations are expected to p
a key role in this magnetic ground state. TheC, x, and r
measurements show the conventional LFL ground state
CeRu2Si2 belowTK down to 20 mK.11 All magnetization and
susceptibility measurements have been performed at
magnetic field above 1 T and at low temperatures. In t
paper, we report the results of ac susceptibility and st
magnetization measurements at microkelvin temperatu
~down to 170mK) and ultrasmall magnetic fields (0.0
;6.21 mT). The obtained magnetic field and temperat
dependence of the susceptibility and magnetization prov
evidence of NFL behavior and allow us to think about t
proximity of CeRu2Si2 to QCP.

The single crystal of CeRu2Si2 was prepared by a Czo
chralski pulling method with starting materials Ce~99.99%!,
Si (.99.999%), and Ru~99.99%! and purified by a solid
state transport method. The sample size was 1134.2
31.5 mm3. The sample was cooled with a copper nucle
demagnetization refrigerator and a3He-4He dilution refrig-
erator. It was sandwiched between two silver plates wh
were parts of the thermal link to the copper nuclear sta
The temperature was measured by a Pt NMR thermomet
©2003 The American Physical Society07-1
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3He melting curve thermometer,21 and a RuO2 resistance
thermometer. All these thermometers and the thermal
were attached to the same flange of the nuclear stage.
temperature difference between sample and heat bath
estimated to be less than the order of 0.1% at
temperatures.

The ac susceptibility and static magnetization
CeRu2Si2 were measured simultaneously in a static fie
0.02<B<6.21 mT by an ac impedance bridge using
SQUID magnetometer. The applied static field declined
few tens of degrees from the crystallinec axis. All of the ac
susceptibility measurements were performed at a freque
of 16 Hz with an excitation field below 0.75mT parallel to
the static field. The primary coil, secondary coil, and sta
field coil were placed inside a Nb superconducting magn
shield, which was surrounded by am metal magnetic shield
to suppress any external stray field. The static magnetiza
was calibrated against the absolute value measured by
other magnetometer in the temperature range from 4 to 2

The ac susceptibility was measured during cooling a
warming, and the results showed no appreciable hyster
The static magnetization was measured in the warming
cedure. Figure 1 shows the temperature dependence o
inphase (x8) and quadrature (x9) components of the ac sus
ceptibility (]M /]H) at different magnetic fields below 40
mK. The inset of Fig. 1 shows the temperature depende
of the static susceptibility (M /H) derived from the static
magnetization. We calibrated all data against the tem
ature independent PP susceptibility which observed ab
;50 mK. Below ;50 mK, we observed an exces

FIG. 1. Temperature dependence~on a logarithmic scale! of the
ac susceptibility (]M /]H) at different applied fields as indicated i
the figure. The inset shows the static susceptibility (M /H) in the
same temperature range. The arrows and solid line indicate the
temperature observed by ac susceptibility and the Curie law at
figure, respectively.
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susceptibility obeying the Curie law.
The ac susceptibility shows a peak at the magnetic fi

between 0.20 and 0.94 mT. The peak temperaturesTP shift
to higher values and the ac susceptibility is suppressed
increase in the applied magnetic field. In particular, the
susceptibility at 6.21 mT is suppressed almost to the leve
the PP susceptibility. The ac and static susceptibilities de
ate from the Curie law as they approachTP . The Curie con-
stant C can be written in the formC5NAm0mp

2/3kBVmol .
The effective magnetic momentmp turns out to be 0.020
60.003mB /unit cell from the static susceptibility and is in
dependent of applied magnetic fields. The value ofmp is in
agreement with the ultrasmall static moment observed in
mSR experiment.18 The static susceptibility, however, be
comes flat with no peaks in fields higher than 0.20 mT.

Figure 2 shows theH/T dependence of the static magn
tization below 400 mK. The dashed line corresponds to
Curie law withmp50.02mB . In the fields above 0.20 mT, th
magnetization clearly shows the saturation. The satura
magnetic momentms can be evaluated in each field using t
following relation: Ms5NAms /Vmol . The calculatedms are
1.2031025,1.6031025,1.9531025, and 2.9831025mB /
unit cell, and the ratio ofmp to ms is derived as 1.80
3103,1.153103,0.983103, and 0.733103 at 0.20, 0.39,
0.94, and 6.21 mT, respectively. Figure 2 suggests that
magnetization cannot be attributed to an impurity effect.
very small concentrations, the magnetic impurities contrib
tion to the total magnetization should behave according t
Brillouin function. With increasing concentration, a local
ordered state like spin-glass can be formed. The impu
effect on the static magnetization in CeCu6 at low tempera-
tures is one example for the first case.22 It indicates that the
ratio of mp , as deduced by Curie law, toms has to be of the
order of 1. However, this does not agree with our resu
mp /ms;103. In the second case, many compounds with
spin glass transition show quite different magnetization

ak
ch

FIG. 2. H/T (H is the applied field! dependence of the stati
magnetization of CeRu2Si2 above 0.20 mT at ultralow tempera
tures. The inset shows theH/T dependence of magnetization at 0.9
mT obtained in the zero field cooling experiment. Solid lin
~saturated magnetization! and dashed lines~Curie-law! are guides
for the eye.
7-2
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havior between zero field cooling~ZFC! and field cooling
~FC! measurements through the transition temperature.
inset in Fig. 2 shows the magnetization at 0.94 mT measu
by ZFC. The results of ZFC and FC do not indicate differe
behavior belowTP in this field. Consequently, the possibilit
of spin glass transition is also strongly denied.

Below TP , there is unique scaling behavior of the ac su
ceptibility and static magnetization from 0.20 to 0.94 mT,
shown in Fig. 3. We normalized the susceptibility by its pe
height and the magnetization by the saturated value at e
field. And the temperature is normalized byTP . The scaling
behavior provides evidence of the proximity of CeRu2Si2 at
small magnetic fields and ultralow temperatures to so
phase transition.23 The nature of such transition is dete
mined by interplaying between ferromagnetic~FM! and
AFM fluctuations observed by neutron scatteri
experiments.14–17And this type of interplaying was evidentl
observed aroundHM .14 In order to shed light on the natur
of this transition we analyzed this scaling behavior fro
the viewpoint of up-to-date theories for ordering in H
compounds.

According to the mean-field theory, the temperature
pendence of the susceptibility with the SDW ground st
below Néel temperature obeys the following expressio
x(T)5x01B exp(2a/T), wherex0 and a are thex(T→0)
and an energy gap, respectively. There, the ratio of the
energy toTN should be above 1.76.24 In our case, the nor-
malized temperatureT* dependence of the normalized a
susceptibilityx* (T* ) is obeyed above the expression wi
a/T* '1.0 at the peak temperature, as shown in Fig. 3. T
ratio is in contrast to the SDW state case and there is
indication for the AFM transition atTP . The scaling behav-
ior and the exponent type temperature dependence ofx*
below TP , however, suggest that CeRu2Si2 is in some mag-
netic field arranged state between 0.20 and 0.94 mT.
speculate that the physical background of this scaling beh
ior is the quantum critical fluctuation effect of CeRu2Si2
which is in proximity to the QCP discussed below.

Further, we compare CeRu2Si2 with CeCu6 which is also
a typical HF compound and very similar to CeRu2Si2 in its

FIG. 3. Scaling behavior of the ac susceptibility and static m
netization in the fields between 0.20 and 0.94 mT. The vertical a
represent the normalized susceptibility and the normalized ma
tization. The horizontal axis is the normalized temperature. Det
of normalization and the solid line are explained in the text.
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4 f electron behavior belowTK . Recently, it has been show
that magnetic ground state of CeCu6 is the SDW state and
TN is in fair agreement with the estimated one by the se
consistent renormalization~SCR! spin fluctuation theory.25

The SCR theory for the HF system predicts the value ofTN

as an equation:TN50.1376pQ
4/3TA

2/3T0
1/3, where pQ is the

staggered spontaneous moment inmB at T50 K, TA , and
T0 are the characteristic temperatures in theq andv space,
respectively.5 If we use the derived values ofTA516 K, T0

514.1 K ~Ref. 26!, and pQ5731023 mB ~Ref. 18! for
CeRu2Si2, the predictedTN is estimated asTN;2.8 mK.
However, the magnetic properties of CeRu2Si2 do not show
any indication of the magnetic ordering in the smallest a
plied magnetic field. The estimation ofTN for SDW state in
framework of SCR theory takes into account only AFM cha
acteristic wave vectors while our data indicate an existe
of both FM and AFM fluctuations. And these two types
fluctuations can lead to some disordered state in the sma
field. This means that the magnetic transition temperatur
CeRu2Si2 is possibly close toT50 K and the spin system o
CeRu2Si2 under our conditions is in the vicinity of the QCP

In the case of type-~i! QCP, we cannot explain the tem
perature dependence of the magnetic susceptibility
CeRu2Si2 only from AFM fluctuations which have been ob
served in neutron experiments.16,17Based on the SCR theory
the uniform susceptibility of an itinerant weak AFM com
pound should not indicate the Curie-Weiss behavior with
taking account of the FM fluctuations.29 The large value of
the mp /ms also suggests the weak FM properties in th
compound.

We consider two known examples of type-~ii ! QCP for the
4 f electron system. The well-known type-~ii ! QCP doped
compound is CeCu5.9Au0.1, which exhibits the critical scal-
ing behavior for the differential susceptibility (]M /]H) in
the form (]M /]H)215x0

211CTag(H/T). Here a is the
critical exponent and the universal scaling functiong(H/T)
is given by Schro¨der et al.7 This scaling function, however
does not lead to the peak for]M /]H; for this reason, it does
not explain our results. On the other hand, our results
very similar to the case of undoped YbRh2Si2, which is clas-
sified as a type-~ii ! QCP compound. A plateau in the Knigh
shift below 1 K is observed in YbRh2Si2, while the ac sus-
ceptibility shows a peak at the marginal temperature with
magnetic field dependence.8,27,28 The Curie-Weiss behavio
of magnetic susceptibilityx(T) for YbRh2Si2, however,
hints to large fluctuating localized Yb31 moments, while that
for our system indicates very tiny fluctuating moments w
itinerant nature.

We speculate that the magnetic properties of CeRu2Si2 at
small magnetic fields and ultralow temperatures are de
mined by competition between FM and AFM fluctuation
The narrow range of the applied magnetic fields above 0
mT can modulate the FM fluctuations and show a magn
field arranged state belowTP . The FM fluctuations, how-
ever, decrease with increasing magnetic field because
magnetic ground state is recovered nearly to the LFL stat
the field above 6.21 mT. In the field of 0.02 mT, the FM a
AFM fluctuations compete strongly and show a nonanal

-
s
e-
ls
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cal temperature dependence. This possible scenario o
QCP in our compound shows that CeRu2Si2 at small mag-
netic fields and ultralow temperatures should be conside
as one of the candidates for investigations of quantum ph
transitions at ambient pressure and without any dop
Similar to the type-~ii ! QCP compound YbRh2Si2, the exter-
nal magnetic field is the control parameter for th
transition. The NMR measurements for CeRu2Si2 under
the conditions described above would be very useful
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