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High-resolution magnetization studies of the heavy-fermion superconductor CeCu2Si2
at very low temperatures and in high magnetic fields

T. Tayama,* M. Lang,† T. Lühmann, and F. Steglich
Max-Planck Institute for the Chemical Physics of Solids, 01187 Dresden, Germany
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Institute for Physics, Frankfurt University, 60054 Frankfurt, Germany
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We report high-resolution dc-magnetization measurements on high-quality stoichiometric single crystals of
CeCu2Si2 at very low temperatures down to 50 mK and in high magnetic fields up to 115 kOe, especially
focusing on the as yet still unidentified phaseA ~and B at higher fields! that competes for stability with the
heavy-fermion superconductivity. Anomalies at theA/B phase transitions are clearly observed in both the
temperature and the field dependence of the magnetization. In isothermal magnetization curvesM (T
5const,H) at 50 mK, a metamagneticlike first-order transition is observed at 71 kOe and 30 kOe forHia and
c, respectively. The magnitude of the magnetization jump at the first-order transition is only 231023mB /Ce
and 831024mB /Ce forHia andc, respectively. Detailed magnetic phase diagrams are presented for both field
orientations. The present results are consistent with a scenario that bothA andB phases are spin-density-wave-
type long-range-ordered states, where the ordered moments are of the order of 1023mB /Ce.

DOI: 10.1103/PhysRevB.67.214504 PACS number~s!: 74.25.Dw, 74.25.Ha, 74.25.Op, 74.70.Tx
n
v-
vy
ha
p-
B
ar
n
g
t.

gh
,

st
al
ns

to

e
e

o
ty

so-

uc-

agg
g

n

r a
int,

a
vi-
of

igh-

lds

y
the
tion.
and
r
e
ely

of
in
is
I. INTRODUCTION

Since the discovery of superconductivity in the compou
CeCu2Si2 in 1979,1 much work has been devoted to unra
elling the complex properties of this archetype hea
fermion superconductor. Early on, it was recognized t
CeCu2Si2 shows an extreme sensitivity of its physical pro
erties against variations of the sample composition.
means of a thorough thermodynamic study of the tern
chemical Ce-Cu-Si phase diagram, up to four differe
ground states belonging to different sectors of the homo
neity range of the primary 1:2:2 phase were found to exis2,3

While Cu-rich samples become superconducting (S type!,
small Si excess results in a still not fully identified, thou
most likely, magnetic phaseA (A type!. For larger Si excess
a related phaseX (X type! has been observed.4 We concen-
trate here on the fourth variant, the so-calledA/S type, which
exhibits a transition into phaseA at TA followed by a super-
conducting~sc! transition atTc<TA .

A detailed H-T phase diagram forHia of an A/S-type
sample has been reported in Ref. 7, based on elastic con
and thermal expansion measurements on a high-qu
single crystal. At zero field, two closely spaced phase tra
tions occur; one is a sc transition at;0.68 K which, upon
cooling, replaces theA phase that forms below 0.7 K.7 For
sufficiently strong magnetic fields, a high-field phaseB be-
comes stabilized. TheA/B-phase transitions have hither
been seen in ultrasound,7 thermal-expansion,8,9

specific-heat,8,10,11 muon-spin-rotation (mSR),12

nuclear-magnetic-resonance,13 and resistivity
measurements.14 The pronounced signatures at th
A/B-phase transition observed in the thermodynamic prop
ties, i.e., specific heat and thermal expansion,8,10,11 indicate
that the heavy quasiparticles are involved in the formation
these states. Nevertheless, there is still some uncertain
the nature of both phases.
0163-1829/2003/67~21!/214504~8!/$20.00 67 2145
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A comparison of the results of nuclear quadrupole re
nance andmSR indicates that phaseA is a dynamically mag-
netically ordered state characterized by slow magnetic fl
tuations (t;1027 s).13,12 Elastic neutron-scattering
experiments have failed so far to detect any magnetic Br
peaks in phaseA. In addition, substitution studies startin
from CeCu2Ge2 revealed that phaseA is connected with an
incommensurate antiferromagnetically ordered state.15,16 Re-
cently, non-Fermi-liquid~NFL! behavior has been found i
the paramagnetic state near phaseA by electrical resistivity,
r(T), and specific heat,C(T), measurements.14 The obser-
vation of NFL behavior inr(T) and C(T) in certain field
and temperature regions, which follow the predictions fo
three-dimensional antiferromagnetic quantum critical po
is consistent with the view that phaseA is a spin-density-
wave ~SDW!-type ordered state.

Although theA andB phases are widely believed to be
SDW-like magnetically ordered state, there is no direct e
dence for that until now. In this paper, we report results
high-resolution dc-magnetization measurements on h
quality stoichiometric single crystals of CeCu2Si2 at very
low temperatures down to 50 mK and in high magnetic fie
up to 115 kOe, applied along thea and c directions of the
tetragonal ThCr2Si2 structure. Anomalies accompanied b
the A/B-phase transitions are clearly observed in both
temperature and the field dependence of the magnetiza
Following these anomalies as a function of temperature
field provides new details of theH-T phase diagrams. Ou
observations are consistent with a scenario that both thA
and B phases are SDW ordered states with an extrem
small-ordered moment.

The paper is organized as follows. After a description
the experiment in Sec. II, we show magnetization results
Sec. III. In Sec. IV, an analysis of the magnetization data
given, followed by a discussion on the phasesA/B in Sec. V.
©2003 The American Physical Society04-1
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The paper closes with a summary in Sec. VI. A prelimina
report on part of the data has been given in Ref. 17.

II. EXPERIMENT

For the present measurements, two rectangular-sha
single crystals~No. 1, 5.36 mg; No. 2, 4.84 mg!, cut from the
same ingot, have been used. According to x-ray diffract
measurements, the crystals are in single phase with
proper ThCr2Si2 structure. The No. 1 and 2 samples we
used for measurements in fields applied along the tetrag
a and c axes, respectively. The same single crystals w
previously studied by resistivity14 and specific-hea
measurements.10,11 The residual resistivities are 10mV cm
and 5.9mV cm for crystal Nos. 1 and 2, respectively.14 To
perform dc-magnetization measurements at very low te
peratures down to 50 mK and in high magnetic fields up
115 kOe, we developed a Faraday-force capacitive magn
meter with an extremely high resolution, enabling the det
tion of magnetic moments smaller than 1026 emu. As for
details of this technique, we refer to Ref. 18. In all measu
ments, a field gradient of 1 kOe/cm was applied in addit
to the homogeneous external magnetic field. In the field-s
measurements, small field-sweep rates of 100 Oe/min~500
Oe/min! were used below~above! 15 kOe to maintain a con
stant sample temperature. A commercial superconduc
quantum interference device magnetometer~MPMS, Quan-
tum Design Co.! was utilized in the temperature range fro
2 K to 400 K.

III. RESULTS

Figure 1 shows the temperature dependence of the dc
ceptibility x(T) defined asM (T)/H of CeCu2Si2 at a fixed
magnetic field of 5 kOe applied along thea andc axes. After
zero-field cooling~ZFC! the sample to a temperature'1 K,
i.e., well above the transition temperatures of interest,
data at lower temperatures were obtained by slowly warm
up from the base temperature of 0.05 K to 1 K in zero fie
~ZFC! and by subsequently cooling down in a finite fie
~FC!.

Upon cooling starting from room temperature, thex(T)
curves increase with a distinct magnetic anisotropy. The s
ceptibility for thec axis,xc , is larger than that for thea axis,
xa. The inset of Fig. 1 displays the inverse susceptibilit
1/x(T) which roughly follow a Curie-Weiss law for tempera
tures down to;150 K. The average susceptibilityxav(T)
[@2xa(T)1xc(T)#/3 allows us to estimate an effectiv
magnetic momentmeff and the Weiss constantu by using a fit
of the form x(T)5NAmeff

2 /3kB(T2u), where NA is the
Avogadro number andkB the Boltzmann constant. The est
mated values ofmeff andu are 2.48mB and276 K, respec-
tively. These values are in good agreement with those de
mined in previous studies.24,25For temperatures below abou
80 K wherex exhibits a change of slope, theT dependence
of the x curves gradually becomes smaller merging into
almostT-independent behavior below about 10 K. This r
flects the crossover from a paramagnetic high-tempera
state to a seemingly nonmagnetic low-temperature state
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At ;0.6 K, the sc transition occurs, which manifests
self in the opening of a large hysteresis between the FC
ZFC x(T) data. The FCx(T) curve shows a sharp kink a
about 0.45 K followed by a rapid reduction. This indicat
that a bulk sc transition occurs at this temperature. Here,
define the sc transition temperatureTc as the kink position in
the FC x(T) curve. It should be noted that the hystere
already opens above the so-derivedTc value, demonstrating
that a small fraction of the sample has a higherTc . In addi-
tion to the sc transition, thex(T) curve shows a rather sma
but distinct kink at theA-phase-transition temperatureTA of
0.7 K, as determined by the elastic constant and ther
expansion measurements.7,9

To display the anomaly atTA more clearly, the low-T data
for T<0.8 K are shown in Figs. 2 and 3 for several fiel
applied along thea and c axes, respectively. The sc sta
becomes rapidly suppressed by the field and only
A-phase transition remains visible at 20 kOe. The inset
Fig. 2 shows the magnetization at 20 kOe normalized to
value atTA , M (T)/M (T5TA). TheM (T) curve forHia is
only weakly temperature dependent belowTA , whereas the
M (T) curve for Hic decreases significantly upon coolin
below TA . Surprisingly, the reductions seen in the magne
zation belowTA amount to only 1% and 5% forHia and c,
respectively. This result indicates that the ordered magn
moment in phaseA is extremely small. As the field increase
TA shifts towards lower temperatures. ForHia, the data at
60 kOe still show a clear signature of theA-phase transition
at about 0.5 K@Fig. 2~b!#, where theM (T) curve bends
downwards. In contrast, the data taken at 80 kOe reve
sudden increase at almost the same temperature of 0.

FIG. 1. Temperature dependence of the dc susceptibilityx(T)
defined byM (T)/H of CeCu2Si2 for the a and c directions at a
fixed field of 5 kOe, plotted on a logarithmic temperature scale.
and ZFC denote field cooling and zero-field cooling, respectiv
Tc andTA are the transition temperatures into the superconduc
state and phaseA, respectively. The inset shows the inverse of t
susceptibilities at 5 kOe. Solid lines denote model curves that t
into account the crystal-field interaction in addition to a mean-fi
exchange interaction coefficientl of 253104 g/emu.
4-2
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Furthermore, this anomaly is found to shift to a higher te
perature with increasing fields.26 Assigning the latter feature
to the transition into phaseB yields aH-T phase diagram
consistent with that derived from the elastic constant and
thermal expansion measurements,7 which revealed the ap
pearance of phaseB in fields in excess of 70 kOe forHia.
Therefore, the upward-bent anomaly in theM /H curve is
attributed to theB-phase transition. As shown in Fig. 3~b!, a
similar upward-bent anomaly is also seen forHic in fields
above 40 kOe, where the transition temperature is also fo
to increase with the field. These observations demonst
that phaseB exists also forHic.

Figure 4 shows isothermal magnetization curvesM (H)
taken at the base temperature of 50 mK for fields up to
kOe applied along thea andc axes. The data collected wit

FIG. 2. Temperature dependence of the magnetization asM /H
for Hia at various fields. Arrows indicate the transition tempe
tures into phasesA and B, TA and TB , respectively. FC was em
ployed for the data at 5 and 10 kOe, while all other data were ta
after ZFC. The inset in Fig. 2 shows theT dependence of magnet
zation normalized to its value atTA .

FIG. 3. Temperature dependence of the magnetization asM /H
for Hic at various fields. Arrows indicate the transition tempe
tures into phasesA and B, TA and TB , respectively. FC was em
ployed for the data at 5 and 10 kOe, while all other data were ta
after ZFC.
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the increasing and, subsequently, the decreasing fields
obtained after zero-field cooling the sample from a tempe
ture well aboveTc . A strong irreversibility associated with
the sc state is clearly seen in fields below about 15 kOe
the inset of Fig. 4. ForHic, the irreversibility becomes con
tinuously smaller as the field approaches the upper crit
field Hc2. On the contrary, the irreversibility in theM (H)
curve forHia does not change significantly in the interm
diate field range from 3 to about 6 kOe and decreases
denly nearHc2. Such an anomaly slightly belowHc2 is often
called the ‘‘peak effect.’’ Apparently in the present case, t
peak effect is considerably stronger forHia than that for
Hic.

The isothermal magnetization curves taken at several t
peratures belowTc are shown in Fig. 5. At 430 mK, i.e., nea

-

n

-

n

FIG. 4. Isothermal magnetizationM (H) curves of CeCu2Si2 for
Hia and c at the base temperature of 50 mK. The data were
tained after zero-field cooling the sample from a temperature w
aboveTc . Inset shows the enlarged low-field part below 15 kOe

FIG. 5. Isothermal magnetizationM (H) curves of CeCu2Si2
with Hia ~a! and Hic ~b! at various temperatures belowTc(B
50). The inset shows the temperature dependence of the u
critical field Hc2. The experimental procedure employed to det
mine Hc2 is given in the text.
4-3
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TAYAMA, LANG, LÜ HMANN, STEGLICH, AND ASSMUS PHYSICAL REVIEW B67, 214504 ~2003!
Tc at B50, the data for both field orientations are qu
similar. In contrast, the data taken at temperatures far be
Tc reveal a clear difference between both field orientatio
The width of the hysteresis between the increasing-
decreasing-field curve,DM5M increase2Mdecrease, which is
proportional to a critical-current density in the sc state,
shown in Fig. 6 on a semilogarithmic scale. In the d
magnetization measurement,Hc2 can be defined by the field
where the critical current becomes zero, i.e.,DM50. In the
present case, however, a small but finite critical current
still be discerned even in relatively high fields, especially
Hic. This observation also demonstrates that a small frac
of the sample volume has a higherTc . Accordingly, we de-
fine Hc2 as the field whereDM reaches a certain value, he
chosen as 1022 emu/g. Using this criterion providesTc(H)
values consistent with those obtained from theM (T) data.
The so-derived phase diagram for the sc state is shown in
inset of Fig. 5. The anisotropy ratio forHc2, i.e., Hc2

c /Hc2
a ,

amounts to about 1.25 in accordance with the previ
results.19,20

Now we turn our attention to theA and B phases. As
shown in Fig. 4, theM (H) curves at 50 mK for both field
orientations are nearly straight lines in fields aboveHc2 up to
115 kOe, the maximum field available except for small st
like anomalies for both field directions. This becomes clea
in Figs. 7 and 8, where we show differential susceptibilit
dM/dH for Hia andc, respectively. ForHia, an extremely
sharp peak appears at 71 kOe in thedM/dH curve at 50 mK,
indicating that a first-order transition from phaseA to phase
B occurs at this field value. This transition field coincid
with that determined by the elastic constant and magn
striction experiments.7,9 The magnetization curve after sub
tracting an appropriate linear contribution is also shown
the figure asDM (H). Remarkably, the magnitude of th
magnetization jump at 71 kOe corresponds to a change o
magnetic moment of only 0.002mB /Ce for Hia, consistent
with what has been found by the field modulatio
technique.21 Upon warming, the sharp peak found at 50 m

FIG. 6. Difference in the magnetization taken upon increas
and decreasing the field as a function of the field for thea and c
directions at various temperatures.
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drastically becomes smaller and shifts to lower fields,
shown in Fig. 7~b!. In thedM/dH data above 380 mK, only
one second-order transition is seen at 65 kOe. Since the
sition is rather broad, we define the transition field by a m
point construction, as denoted by the broken line. Simila
thedM/dH curves at 50 mK forHic also indicate two tran-
sitions: a first-order transition at 31 kOe and a second-or
transition at 42 kOe. As shown in Fig. 8~a!, the magnitude of
the magnetization jump at 31 kOe is less than 0.001mB /Ce.
Regarding the broad second-order transition at 42 kOe,
transition field is defined by a midpoint construction, simil
to that used forHia. These observations are consistent w
results of magnetoresistance measurements for the s
sample,23 which also indicate two anomalies at 32 kOe a

g
FIG. 7. Field dependence of~a! the isothermal magnetization

DM after subtracting an appropriate linear contribution~left scale!
as well as the differential susceptibilitydM/dH ~right scale! for
Hia at 50 mK.~b! ThedM/dH curves at various temperatures. Th
broken lines correspond to midpoint constructions as describe
the text.

FIG. 8. Field dependence of~a! the isothermal magnetization
DM after subtracting an appropriate linear contribution~left scale!
as well as the differential susceptibilitydM/dH ~right scale! for
Hic at 50 mK.~b! ThedM/dH curves at various temperatures. Th
broken lines correspond to midpoint constructions as describe
the text.
4-4
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45 kOe in ther(H) curve at 20 mK.
TheH-T phase diagrams constructed by the present m

surements are shown in Fig. 9.P, A, and B represent the
paramagnetic phase, theA phase, and theB phase, respec
tively. The phase diagram forHia is in good agreement with
the previous result,7 while that forHic is presented for the
first time, to the best of our knowledge. The sc phase
situated in the low-field region and is surrounded by phasA.
The latter is found to be more stable forHia than forHic.
TA decreases as the field increases, whileTB increases with
H up to 115 kOe for both field orientations.

At the end of this section, we show results for the
Haas–van Alphen~dHvA! effect obtained from the presen
magnetization measurements. In order to illustrate clearly
dHvA effect, we show in Fig. 10 the field derivatives of th
raw data, being proportional to the sample magnetization
50 mK for both field directions as a function of the inver
field. A periodic oscillation is clearly seen for both dire
tions. Since, in addition, a characteristicT dependence for
the oscillations is found, the oscillation can be ascribed to
dHvA effect.

IV. ANALYSIS

A. The crystalline electric-field interaction

Here, we analyze the magnetic susceptibility given in F
1 by taking into account the crystalline electric-field~CEF!
effect. The CEF interaction separates the sixfold degene
ground-state multiplet2F5/2 of the trivalent Ce ion into three
doublets:G t6 , G t7

(1) , andG t7
(2) . The energy levels for the thre

FIG. 9. Magnetic phase diagrams forHia ~a! andHic ~b!. A, B,
andP denote phaseA, phaseB, and the paramagnetic phase, resp
tively. The open and close symbols represent the position of
phase transition determined from the temperature and the field
pendence of the magnetization, respectively.
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doublets have been determined via inelastic neutr
scattering experiments on CeCu2Si2,24 cf. Table I.

The ground state is the Kramers doubletG t7
(1) . The two

excited doublets are degenerate and separated from
ground state by 340 K. By using these energy levels, we
the measured magnetic susceptibility by the following fo
1/x51/xCEF2l, wherexCEF is the CEF susceptibility andl
is the molecular-field constant. The best fit is obtained
l5253104 g/emu, cf. solid lines in the inset of Fig. 1. Th
calculations are in good agreement with the experime
results for temperatures above 100 K, meaning that
above CEF level scheme also applies to theA/S-type
samples. The obtainedl is three times larger than that foun
in Ref. 24 for reasons that are unknown at present. H
et al. and Holland-Moritzet al. have also reported a CE
level scheme.28,29 However, calculations based on their lev
scheme do not provide a proper fit to the experimental d
The same observation was made also by Goremychkinet al.
As a result, the present data support the CEF level sch
proposed by Goremychkinet al., where the first excited stat
lies 340 K above the ground state. Therefore, at sufficien
low temperatures we can ignore any contributions from
excited states, and the properties should reflect the chara
of the G t7

(1) Kramers doublet.

B. The de Haas–van Alphen oscillations

In this section, we analyze the dHvA oscillations di
played in Fig. 10. The dHvA effect provides useful inform

-
e
e-

FIG. 10. The de Haas–van Alphen oscillations forHia andc at
50 mK as a function of the inverse field. The ordinate is the fi
differential of the capacitance which is proportional to the sam
magnetization. An anomaly at 0.014/kOe forHia is ascribed to the
first-order transition from phaseA to B.

TABLE I. Energy levels and wave functions taken from Ref. 2

Energy~K! Label Wave function

340 G t6 u61/2&
340 G t7

(2) 0.47u75/2&10.88u63/2&
0 G t7

(1) 0.88u65/2&20.47u73/2&
4-5
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tion on the Fermi-surface parameters. The so-derived qu
tities are summarized in Table II. The fast Fourier-transfo
~FFT! analysis allows us to estimate the dHvA frequenc
that correspond to extremal cross sections of the Fermi
face. The FFT analyses are done with respect to the mag
inductionB, which is expressed asH14p(12D)M , where
D is the demagnetizing factor andM is the volume magne
tization. For both field orientations, we usedD50.6. In the
present case, only one frequency is found for both field
entations, i.e., 150 T and 330 T forHia andc, respectively.
No significant change is found forF across the first-orde
A-B phase transition forHia. The above results are in rea
sonable agreement with that obtained in the field modula
technique by Huntet al.21 and magnetoacoustic quantum o
cillations by Wolfet al.22 According to the Lifshitz-Kosevich
formula,30 the temperature and the field dependence of
amplitudeAi of the dHvA frequency for the extremal orbiti
is given by the following expressions:

Mosc[AisinS 2pF

B
1f D , ~1!

Ai}TB21/2
exp~2ami* T/B!

12exp~22ami* T/B!
, ~2!

wherea52p2ckB /e\. mi* is the cyclotron effective mas
of the conduction electron averaged over the extremal ori
and normalized by the free-electron massme. The massmi*
is determined from the slope of the data when plotted
ln„Ai@12exp(22ami*T/B)#/T… vs T at constantB using a
method of successive approximations. The Dingle temp
ture TD , which is a measure of the scattering rate by imp
rities, is determined from the slope of the curve in a p
ln@AiB

1/2sinh(ami*T/B)# vs 1/B at constantT. The cyclotron
mass in both phases has almost the same value as that
by Hunt et al.21 The obtainedTD is remarkably small, indi-
cating that the quality of our samples is quite good. This
an important observation for investigating theA and B
phases.

For Hia, the dHvA amplitude in phaseA is extremely
reduced compared to that in phaseB. In the usual magnetic
materials, a reduction in the dHvA amplitude is due to
change in either the cyclotron mass~e.g., UPt3, Ref. 31! or
the Dingle temperature~e.g., NbIn3, Refs. 32 and 33!. In the
present case, however, the origin of the amplitude reduc
in phaseA is not clear yet, because the cyclotron mass a
the Dingle temperature are nearly the same in both phas

TABLE II. Various physical quantities for the de Haas–van A
phen effect.

Orientation H(kOe) F(T) TD(K) mi* (me)

Hia 50–70 150 0.3 5
75–110 150 0.3 5.6

Hic 65–110 330 0.4 5.6
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V. DISCUSSION

First, we discuss the field dependence ofTA and TB by
making use of an equation that is similar to the Ehrenf
relation:

DS C

T DUT5Tc
52

dHc

dT
DS ]M

]T D
H
U

T5Tc

. ~3!

D is defined byDQ[QL2QH , whereQL andQH are physi-
cal quantities (5C or M ) at low-T and high-T side across a
second-order phase boundary, respectively. SinceD(C/T) is
always positive, the signs ofD(]M /]T) anddHc /dT should
be different. The present data are consistent with relation~4!.
For instance,D(]M /]T)Hu,0 ~Fig. 2! and dHc /dT.0
@Fig. 9~a!# are established atTB(H580 kOe) for Hia.
Therefore, it is likely that the phasesA and B are thermal
equilibrium states. This observation is of relevance beca
the phaseA/B has been frequently assigned to a quasist
spin-glass–like, i.e., metastable state.35,34

Next, we discuss the first-orderA-B phase boundary in
the phase diagram forHia ~Fig. 7! by making use of the
Clausius-Clapeyron relation

DS52
dHc

dT
DM , ~4!

whereDS and DM denote the discontinuity of the entrop
and the magnetic moment across the transition, respectiv
The observedDM value at 50 mK is'0.002mB /Ce ~511
emu/mole!. Assuming that the curve ofHc(T) follows a form
H0„12(T/Tc)

2
…, the value ofH0 is estimated to be abou

223104 @Oe/K2#. By substituting these values into Eq.~5!,
DC/T is found to be about 50 mJ/mole K2. This value is
close enough to the value of 70 mJ/mole K2 obtained from
the specific-heat measurements taken at 120 mK.10,11 Ac-
cordingly, the change in the entropy at the first-orderA-B
phase transition mainly comes from the change in the m
netic moments. This observation supports the magnetic
gin of phaseA/B, consistent with the notion of phaseA and
B being SDW ordered states.

Very recently, Stockertet al. have reported results from
elastic neutron-scattering measurements on single-crysta
CeCu2(Si12xGex)2 for intermediatex50.5 and weak doping
level x50.05.36 According to their results, there is almost n
change in the ordering wave vectort5(0.25,0.25,0.5) for
both crystals, but a drastic reduction occurs in the orde
moment from about 0.5mB at x50.5 to about 0.1mB for x
50.05. This fits appropriately to the present results of
even more strongly reduced moment for the pure syst
They also reported that the observed nesting vectort agrees
well with the nesting vector derived from the renormalize
band-structure calculations by Zwicknaglet al.,37 supporting
the view that phaseA is a SDW ordered state.

VI. SUMMARY

We have performed high-resolution dc-magnetizat
measurements on high-quality stoichiometric single crys
4-6
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of CeCu2Si2 at very low temperatures down to 50 mK and
high magnetic fields up to 115 kOe, especially focusing
the A andB phases. Signatures of theA/B-phase transitions
are clearly observed in both the temperature and the fi
dependence of the magnetization. TheM (T,H5const) curve
shows a kink at theA-phase-transition temperatureTA ,
which decreases with increasing the field. Conversely,
M (T,H5const) curve for botha andc directions shows an
upward-bent anomaly at theB-phase-transition temperatur
TB , which increases with the field. In isothermal magneti
tion curvesM (T5const,H) at 50 mK, a metamagneticlike
first-order transition is observed at 71 kOe and 30 kOe
Hia and c, respectively. Surprisingly, the magnitude of t
magnetization jump at the first-order transition is only
31023mB /Ce and 831024mB /Ce for Hia and c, respec-
tively. Furthermore, de Haas–van Alphen oscillations
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20Y. Ōnuki, T. Hirai, T. Komatsubara, S. Takayanagi, A. Sumiyam
A. Furukawa, Y. Oda, and H. Nagano, J. Magn. Magn. Ma
52, 338 ~1985!.

21M. Hunt, P. Meeson, P-A. Probst, P. Reinders, M. Springford,
Assmus, and W. Sun, J. Phys.: Condens. Matter2, 6859~1990!.

22B. Wolf, G. Bruls, D. Finsterbusch, I. Kouroudis, and B. Lueth
Physica B211, 233 ~1995!.

23P. Gegenwart, Ph.D. Dissertation, TU Darmstadt, 1997.
24E.A. Goremychkin, and R. Osborn, Phys. Rev. B47, 14 280

~1993!.
25B. Batlogg, J.P. Rameika, A.S. Cooper, G.R. Stewart, Z. Fisk,

J.O. Willis, J. Magn. Magn. Mater.47&48, 42 ~1985!.
26A similar field dependence was observed for the peak in the r

of specific heat to temperature,C/T, of stoichiometric
CeCu2Si2, cf. Fig. 3 in Ref. 27.

27B. Andraka, G.R. Stewart, and F. Steglich, Phys. Rev. B48, 3939
~1993!.

28S. Horn, E. Holland-Moritz, M. Loewenhaupt, F. Steglich, H
Scheuer, A. Benoit, and J. Flouquet, Phys. Rev. B23, 3171
~1981!.

29E. Holland-Moritz, W. Weber, A. Severing, E. Zirngiebl, H
4-7



ys

.
a-

Y

H

.

on,
C.
ys.

nd
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