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High-resolution magnetization studies of the heavy-fermion superconductor CeG&i,
at very low temperatures and in high magnetic fields
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We report high-resolution dc-magnetization measurements on high-quality stoichiometric single crystals of
CeCuySi, 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 phasdand B at higher fields that competes for stability with the
heavy-fermion superconductivity. Anomalies at tAéB phase transitions are clearly observed in both the
temperature and the field dependence of the magnetization. In isothermal magnetization Miives
=constH) at 50 mK, a metamagneticlike first-order transition is observed at 71 kOe and 30 kBgad@nd
¢, respectively. The magnitude of the magnetization jump at the first-order transition is Bril9 2 ug/Ce
and 8< 10 “ug/Ce forH|a andc, respectively. Detailed magnetic phase diagrams are presented for both field
orientations. The present results are consistent with a scenario thak bathB phases are spin-density-wave-
type long-range-ordered states, where the ordered moments are of the orderf of, 10e.
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I. INTRODUCTION A comparison of the results of nuclear quadrupole reso-
nance angkSR indicates that phageis a dynamically mag-
Since the discovery of superconductivity in the compoundhetically ordered state characterized by slow magnetic fluc-
CeCuySi, in 1979} much work has been devoted to unrav- tyations ¢~10"7s).¥12  Elastic  neutron-scattering
elling the complex properties of this archetype heavy-eyxperiments have failed so far to detect any magnetic Bragg
fermion superconductor. Early on, it was recognized thaheays in phasé. In addition, substitution studies starting
CeCySi, S.hOWS an extreme sensitivity of its phy5|c.a.l PrOP" from CeCyGe, revealed that phasa is connected with an
erties agfalnsth varlatrl]ons of :?e sample dcomfpor?mon. BYcommensurate antiferromagnetically ordered statéRe-
means of a thorough thermodynamic study of the ternar ] S ) .
chemical Ce-Cu-Si phase diagram, up to four diﬁeren%éemly’ non-Fermi-liquid NFL) behavior has been found in

: : the paramagnetic state near phéshy electrical resistivity,
d states bel to diff t sect f the h - "
ground states belonging 1o CIllersnt sectors of he homoge (T), and specific healC(T), measurement$. The obser-

neity range of the primary 1:2:2 phase were found to &xist. P\’ g . e
While Cu-rich samples become superconductigtype), vation of NFL behaylor |np(T_) and C(T) in cert_aln field
small Si excess results in a still not fully identified, though @nd temperature regions, which follow the predictions for a
most likely, magnetic phas& (A type). For larger Si excess, j[hree-d|.men5|or'1al antlfgrromagnetlc quantum .crltlcal point,
a related phasX (X type) has been observédie concen- IS consistent with the view that phageis a spin-density-
trate here on the fourth variant, the so-calle® type, which ~ Wave (SDW)-type ordered state.
exhibits a transition into phask at T, followed by a super- Although theA andB phases are widely believed to be a
conducting(so transition atT,<T,. SDW:-like magnetically ordered state, there is no direct evi-
A detailed H-T phase diagram foH|a of an A/S-type dence for that until now. In this paper, we report results of
sample has been reported in Ref. 7, based on elastic constangh-resolution dc-magnetization measurements on high-
and thermal expansion measurements on a high-qualitguality stoichiometric single crystals of Ceg3i, at very
single crystal. At zero field, two closely spaced phase transitow temperatures down to 50 mK and in high magnetic fields
tions occur; one is a sc transition at0.68 K which, upon up to 115 kOe, applied along treeand c directions of the
cooling, replaces thé phase that forms below 0.7 KFor  tetragonal ThGsSi, structure. Anomalies accompanied by
sufficiently strong magnetic fields, a high-field phd&de- the A/B-phase transitions are clearly observed in both the
comes stabilized. Thé\/B-phase transitions have hitherto temperature and the field dependence of the magnetization.
been seen in ultrasourid, thermal-expansioft?®  Following these anomalies as a function of temperature and
specific-hea; %1 muon-spin-rotation 4SR)}? field provides new details of thel-T phase diagrams. Our
nuclear-magnetic-resonante, and resistivity ~ observations are consistent with a scenario that bothAthe
measurement$. The pronounced signatures at theand B phases are SDW ordered states with an extremely
A/B-phase transition observed in the thermodynamic propersmall-ordered moment.
ties, i.e., specific heat and thermal expan$ibhtindicate The paper is organized as follows. After a description of
that the heavy quasiparticles are involved in the formation ofhe experiment in Sec. I, we show magnetization results in
these states. Nevertheless, there is still some uncertainty Bec. lll. In Sec. IV, an analysis of the magnetization data is
the nature of both phases. given, followed by a discussion on the pha#eés in Sec. V.

0163-1829/2003/621)/2145048)/$20.00 67 214504-1 ©2003 The American Physical Society



TAYAMA, LANG, LU HMANN, STEGLICH, AND ASSMUS PHYSICAL REVIEW B67, 214504 (2003

The paper closes with a summary in Sec. VI. A preliminary ' ' '
report on part of the data has been given in Ref. 17. 3r g CeCu,Si,

5kOe
Il. EXPERIMENT

For the present measurements, two rectangular-shape~
single crystal§No. 1, 5.36 mg; No. 2, 4.84 mgcut from the %’
same ingot, have been used. According to x-ray diffractiong
measurements, the crystals are in single phase with the
proper ThCsSi, structure. The No. 1 and 2 samples were g
used for measurements in fields applied along the tetragone= 1}
a and c axes, respectively. The same single crystals were
previously studied by resistivit§ and specific-heat

measurement® ! The residual resistivities are 100 cm 200 400
and 5.9 cm for crystal Nos. 1 and 2, respectivéfyTo . T(K) .
perform dc-magnetization measurements at very low tem- %_1 1 10 100

peratures down to 50 mK and in high magnetic fields up to
115 kOe, we developed a Faraday-force capacitive magneto-

meter with an extremely high resolution, enabling the detec- FG, 1. Temperature dependence of the dc susceptibiii)

tion of magnetic moments smaller thanf0emu. As for  defined byM(T)/H of CeCySi, for the a and ¢ directions at a

details of this technique, we refer to Ref. 18. In all measurefixed field of 5 kOe, plotted on a logarithmic temperature scale. FC

ments, a field gradient of 1 kOe/cm was applied in additiorand ZFC denote field cooling and zero-field cooling, respectively.

to the homogeneous external magnetic field. In the field-scam, and T, are the transition temperatures into the superconducting

measurements, small field-sweep rates of 100 Oe(B00  state and phasA, respectively. The inset shows the inverse of the

Oe/min were used belowabove 15 kOe to maintain a con- susceptibilities at 5 kOe. Solid lines denote model curves that take

stant sample temperature. A commercial superconductinigto account the crystal-field interaction in addition to a mean-field

quantum interference device magnetoméMPMS, Quan-  exchange interaction coefficientof —5x 10" glemu.

tum Design Co9.was utilized in the temperature range from

2 K to 400 K. At ~0.6 K, the sc transition occurs, which manifests it-
self in the opening of a large hysteresis between the FC and

IIl. RESULTS ZFC x(T) data. The FCx(T) curve shows a sharp kink at

about 0.45 K followed by a rapid reduction. This indicates

Figure 1 shows the temperature dependence of the dc sugat a bulk sc transition occurs at this temperature. Here, we
ceptibility x(T) defined asM(T)/H of CeCuySi, at a fixed  define the sc transition temperatiifgas the kink position in
magnetic field of 5 kOe applied along theandc axes. After  the FC x(T) curve. It should be noted that the hysteresis
zero-field coolingZFC) the sample to a temperaturel K,  already opens above the so-derivBdvalue, demonstrating
i.e., well above the transition temperatures of interest, thenhat a small fraction of the sample has a higfigr In addi-
data at lower temperatures were obtained by slowly warmingjon to the sc transition, thg(T) curve shows a rather small
up from the base temperature of 0.05 K to 1 K in zero fieldpyt distinct kink at theA-phase-transition temperatufg, of
(ZFC) and by subsequently cooling down in a finite field 0.7 K, as determined by the elastic constant and thermal
(FO). expansion measurements.

Upon cooling starting from room temperature, th€T) To display the anomaly &ty more clearly, the lowF data
curves increase with a distinct magnetic anisotropy. The susgr T<0.8 K are shown in Figs. 2 and 3 for several fields
ceptibility for thec axis, x., is larger than that for thaaxis,  applied along thea and c axes, respectively. The sc state
Xa- The inset of Flg 1 displays the inverse Susceptibi”tie%ecomes rap|d|y Suppressed by the field and on|y the
1/x(T) which roughly follow a Curie-Weiss law for tempera- A-phase transition remains visible at 20 kOe. The inset of
tures down to~150 K. The average susceptibility,(T)  Fig. 2 shows the magnetization at 20 kOe normalized to its
=[2xa(T) +xc(T)]/3 allows us to estimate an effective value atT,, M(T)/M(T=T,). TheM(T) curve forH|a is
magnetic momen and the Weiss constatitby using a fit  only weakly temperature dependent beldw, whereas the
of the form x(T)=NauZ/3ks(T—6), where N, is the  M(T) curve for H||c decreases significantly upon cooling
Avogadro number an#lg the Boltzmann constant. The esti- below T, . Surprisingly, the reductions seen in the magneti-
mated values ofi and 6 are 2.48z and — 76 K, respec-  zation belowT, amount to only 1% and 5% fdd|ja and c,
tively. These values are in good agreement with those deterespectively. This result indicates that the ordered magnetic
mined in previous studie®:% For temperatures below about moment in phasd is extremely small. As the field increases,
80 K wherey exhibits a change of slope, tiledependence T, shifts towards lower temperatures. Rdfia, the data at
of the y curves gradually becomes smaller merging into an60 kOe still show a clear signature of thephase transition
almost T-independent behavior below about 10 K. This re-at about 0.5 K[Fig. 2(b)], where theM(T) curve bends
flects the crossover from a paramagnetic high-temperaturdownwards. In contrast, the data taken at 80 kOe reveal a
state to a seemingly nonmagnetic low-temperature state. sudden increase at almost the same temperature of 0.5 K.

Temperature (K)
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FIG. 2. Temperature dependence of the magnetizatiov /&$
for H|la at various fields. Arrows indicate the transition tempera- L .
tures into phased andB, T, and Ty, respectively. FC was em- FIG. 4. Isothermal magnetizatidvi(H) curves of CeCyfSi, for
ployed for the data at 5 and 10 kOe, while all other data were takerll_”,Ial andc at the pase temperature of 50 mK. The data were ob-
after ZFC. The inset in Fig. 2 shows tiedependence of magneti- tained after zero-field cooling the sample from a temperature well
zation normalized to its value @t aboveT,. Inset shows the enlarged low-field part below 15 kOe.

Furthermore, this anomaly is found to shift to a higher tem-the increasing and, subsequently, the decreasing fields were

perature with increasing field§ Assigning the latter feature ©btained after zero-field cooling the sample from a tempera-
to the transition into phasB yields aH-T phase diagram, tUré well aboveT.. A strong irreversibility associated with
consistent with that derived from the elastic constant and thEe SC state is clearly seen in fields below about 15 kOe, cf.
thermal expansion measuremehtshich revealed the ap- the inset of Fig. 4. FoH||c,.the irreversibility becomes con-
pearance of phas@ in fields in excess of 70 kOe fdi|a. tinuously smaller as the field approaches the upper critical
Therefore, the upward-bent anomaly in tM/H curve is field He,. On the contrary, the irreversibility in thil (H)
attributed to theB-phase transition. As shown in Fig(3, a  Curve forH||a does not change significantly in the interme-
similar upward-bent anomaly is also seen Fofc in fields diate field range from 3 to about 6 kOe and decreases sud-

above 40 kOe, where the transition temperature is also foun@enly neéatc,. Such an anomaly slightly beloi; is often

to increase with the field. These observations demonstratedlled the “peak effect.” Apparently in the present case, the
that phaseB exists also foH|c. peak effect is considerably stronger fdlfja than that for

Figure 4 shows isothermal magnetization curiéH) Hllc. ) o
taken at the base temperature of 50 mK for fields up to 115 The isothermal magnetization curves taken at several tem-

kOe applied along tha andc axes. The data collected with Peratures below are shown in Fig. 5. At 430 mK, i.e., near
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FIG. 3. Temperature dependence of the magnetizatidd /&$ FIG. 5. Isothermal magnetizatiomM (H) curves of CeCiSi,
for Hjc at various fields. Arrows indicate the transition tempera-with H|la (a) and H|c (b) at various temperatures beloW(B
tures into phases andB, T, and Ty, respectively. FC was em- =0). The inset shows the temperature dependence of the upper
ployed for the data at 5 and 10 kOe, while all other data were takewritical field H,,. The experimental procedure employed to deter-
after ZFC. mine H, is given in the text.
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FIG. 7. Field dependence @f) the isothermal magnetization
FIG. 6. Difference in the magnetization taken upon increasinga \; after subtracting an appropriate linear contributiteft scale
and decreasing the field as a function of the field forahendc a5 well as the differential susceptibiliyM/dH (right scale for
directions at various temperatures. H|la at 50 mK.(b) ThedM/dH curves at various temperatures. The
broken lines correspond to midpoint constructions as described in

T. at B=0, the data for both field orientations are quite the text.

similar. In contrast, the data taken at temperatures far belovc\j

T. reveal a clear difference between both field orientations:. Lasticglly 'becct))mes rs]mgllle/rdang shifts to lower fieldsl, as
The width of the hysteresis between the increasing- and"Wn in Fig. Tb). In thedM/dH data above 380 mK, only

decreasina-field curveAM =M. M which is  °ne sgcond-order transition i_s seen at 65_I§Oe._Since the tran-
g e increase - decrease sition is rather broad, we define the transition field by a mid-

proportional to a critical-current density in the sc state, is> . . . L
shown in Fig. 6 on a semilogarithmic scale. In the dc-Ppoint construction, as denoted by the broken line. Similarly,

magnetization measuremeht,, can be defined by the field ”.‘?d'\’”dH_ curves at 50 m.K foH|c also indicate two tran-
where the critical current becomes zero, i8M=0. In the sitions: a first-order transition at 31 kOe and a second-order

present case, however, a small but finite critical current Ca}{jansition at. 42'kO<.a. As sho?)v;nijg Fi.g(:lﬁ, thehma%nitude of
still be discerned even in relatively high fields, especially fort '€ Magnetization jump at € is less than Q00Ce.

H|lc. This observation also demonstrates that a small fractiofye9arding the broad second-order transition at 42 kOe, the

of the sample volume has a highgg. Accordingly, we de- ';ratnhsntlon f'g‘lg E”def'_lr_fd by im'dp(t).mt constructl(_)nt, S'tm”.?rr]
fine He, as the field wherd M reaches a certain value, here \© \Nat US€d foFja. 1hese observations are consistent wi

: o : Its of magnetoresistance measurements for the same
chosen as 107 emu/g. Using this criterion provideB,(H) resu 3 o .
values consistent with those obtained from M¢T) data. sample?” which also indicate two anomalies at 32 kOe and

The so-derived phase diagram for the sc state is shown in the , 45 , , — 35
inset of Fig. 5. The anisotropy ratio fot ., e, HS/HE,, _ I 0.001p/Co b
amounts to about 1.25 in accordance with the previous
resultst®?° 2 a oo o : 130
Now we turn our attention to thé and B phases. As : 50mK g
shown in Fig. 4, thevi(H) curves at 50 mK for both field r 25 &
orientations are nearly straight lines in fields abblg up to ¥ las )\\18011 2
115 kOe, the maximum field available except for small step- A sf 20 =
like anomalies for both field directions. This becomes clearer g § TS
in Figs. 7 and 8, where we show differential susceptibilities 302 /\\gﬁﬂ_ p=
dM/dH for H||a andc, respectively. FoH||a, an extremely @[ 15
sharp peak appears at 71 kOe in thd/dH curve at 50 mK, 3 M:-
indicating that a first-order transition from pha&ddo phase 2.5&'% I 11.0

B occurs at this field value. This transition field coincides m 50 0 po o

with that determined by the elastic constant and magneto: H (kOe) o

striction experiment$® The magnetization curve after sub- H (kOe)

tracting an appropriate linear contribution is also shown in - ri. g, Field dependence @) the isothermal magnetization
the figure asAM(H). Remarkably, the magnitude of the aAm after subtracting an appropriate linear contributiteft scalg
magnetization jump at 71 kOe corresponds to a change of thg well as the differential susceptibiligM/dH (right scale for
magnetic moment of only 0.0@/Ce for H||a, consistent H|c at 50 mK.(b) ThedM/dH curves at various temperatures. The
with what has been found by the field modulation broken lines correspond to midpoint constructions as described in
technique?! Upon warming, the sharp peak found at 50 mK the text.
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FIG. 9. Magnetic phase diagrams fdfia (a) andH||c (b). A, B,

andP denote phas@, phaseB, and the paramagnetic phase, respec-
tively. The open and close symbols represent the position of the
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50mK

H/la

Hilc
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FIG. 10. The de Haas—van Alphen oscillations iffa andc at
50 mK as a function of the inverse field. The ordinate is the field
differential of the capacitance which is proportional to the sample
magnetization. An anomaly at 0.014/kOe fd}a is ascribed to the
first-order transition from phasé to B.

doublets have been determined via inelastic neutron-
scattering experiments on CeQSi,, 2 cf. Table I.
The ground state is the Kramers doubl&}). The two

phase transition determined from the temperature and the field d@-XCited doublets are degenerate and separated from the

pendence of the magnetization, respectively.

45 kOe in thep(H) curve at 20 mK.

TheH-T phase diagrams constructed by the present mea>

surements are shown in Fig. B, A, and B represent the
paramagnetic phase, thfe phase, and th®& phase, respec-
tively. The phase diagram fdt||a is in good agreement with
the previous result,while that forH||c is presented for the

first time, to the best of our knowledge. The sc phase i

situated in the low-field region and is surrounded by phase
The latter is found to be more stable fidfia than forH|/c.
T, decreases as the field increases, whileincreases with
H up to 115 kOe for both field orientations.

At the end of this section, we show results for the de
Haas—van AlpheridHvA) effect obtained from the present
magnetization measurements. In order to illustrate clearly th
dHvA effect, we show in Fig. 10 the field derivatives of the
raw data, being proportional to the sample magnetization,
50 mK for both field directions as a function of the inverse
field. A periodic oscillation is clearly seen for both direc-

tions. Since, in addition, a characterisficdependence for

the oscillations is found, the oscillation can be ascribed to the

dHVA effect.

IV. ANALYSIS

A. The crystalline electric-field interaction

Here, we analyze the magnetic susceptibility given in Fig

1 by taking into account the crystalline electric-fidldEF)

effect. The CEF interaction separates the sixfold degeneratgio

ground-state multipletF,, of the trivalent Ce ion into three
doubletsT'g, I',

andI'!?). The energy levels for the three

ground state by 340 K. By using these energy levels, we fit
the measured magnetic susceptibility by the following form
1/x=1lxcee— N\, whereyceris the CEF susceptibility and

s the molecular-field constant. The best fit is obtained for
A=—5x10* g/emu, cf. solid lines in the inset of Fig. 1. The
calculations are in good agreement with the experimental
results for temperatures above 100 K, meaning that the
above CEF level scheme also applies to tAgS-type

. samples. The obtainedis three times larger than that found

in Ref. 24 for reasons that are unknown at present. Horn
et al. and Holland-Moritzet al. have also reported a CEF
level schemé&®2°However, calculations based on their level
scheme do not provide a proper fit to the experimental data.
The same observation was made also by Goremyaodtka.
As a result, the present data support the CEF level scheme
roposed by Goremychkiet al., where the first excited state
les 340 K above the ground state. Therefore, at sufficiently
APW temperatures we can ignore any contributions from the
excited states, and the properties should reflect the character
of the ') Kramers doublet.

B. The de Haas-van Alphen oscillations

In this section, we analyze the dHVA oscillations dis-
played in Fig. 10. The dHVA effect provides useful informa-

TABLE |. Energy levels and wave functions taken from Ref. 24.

Energy(K) Label Wave function
340 L |=1/2)

re 0.47%5/2)+0.84+3/2)
0 ry 0.84+5/2)—0.47173/2)
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TABLE II. Various physical quantities for the de Haas—van Al- V. DISCUSSION
phen effect. . . .
First, we discuss the field dependenceTqf and Tz by
Orientation H(kOe) F(T) To(K) m* (M) making use of an equation that is similar to the Ehrenfest
relation:
H|a 50-70 150 0.3 5
75-110 150 0.3 5.6 C dH. (M
Hllc 65-110 330 0.4 5.6 A T/™=Te" " 9T 2\ a7 y 3)
T=T

C

tion on the Fermi-surface parameters. The so-derived quar® 'S defined BYAQ=Q, —Qy, whereQ, andQ,, are physi-
tities are summarized in Table II. The fast Fourier-transformc@l quantities £C or M) at low-T and high side across a
(FFT) analysis allows us to estimate the dHvA frequenciesS€cond-order phase boundary, respectively. SK(E@/T) is

that correspond to extremal cross sections of the Fermi suf/Ways positive, the signs af(JM/JT) anddH./dT should
face. The FFT analyses are done with respect to the magnefg€ different. The present data are consistent with reld#an
inductionB, which is expressed a$+4m(1—D)M, where ~ FOr instance,A(dM/dT)y[<0 (Fig. 2) and dH./dT>0

D is the demagnetizing factor and is the volume magne- LFig- @] are established alz(H=80 kOe) for H|a.
tization. For both field orientations, we usBd=0.6. In the ~ Therefore, it is likely that the phas@sand B are thermal
present case, only one frequency is found for both field ori€quilibrium states. This observation is'of relevance be_cau;e
entations, i.e., 150 T and 330 T féf|a andc, respectively. the phaseA/B has been frequently as?gned to a quasistatic
No significant change is found fdf across the first-order SPin-glass—like, i.e., metastable stée! .

A-B phase transition foH||a. The above results are in rea-  Next, we discuss the first-ordéx-B phase boundary in
sonable agreement with that obtained in the field modulatio§® phase diagram fdr|a (Fig. 7) by making use of the
technique by Hunet al?* and magnetoacoustic quantum os- Clausius-Clapeyron relation

cillations by Wolfet al?? According to the Lifshitz-Kosevich

formula® the temperature and the field dependence of the AS= — dHcAM @)
amplitudeA; of the dHVA frequency for the extremal orhit daT ’

is given by the following expressions:

whereAS and AM denote the discontinuity of the entropy
and the magnetic moment across the transition, respectively.
The observed\M value at 50 mK is=0.002uz/Ce (=11
emu/molg. Assuming that the curve ¢1(T) follows a form
Ho(1—(T/T)?), the value ofH, is estimated to be about
—2x10* [Oe/K?]. By substituting these values into E§),
exp(—am; T/B) AC/T is found to be about 50 mJ/mol€KThis value is
1—exp(—2am*T/B)’ (2) close enough to the value of 70 mJ/mole 8btained from
' the specific-heat measurements taken at 120k Ac-
5 . _ cordingly, the change in the entropy at the first-ordeB
where a=2m"ckg/ef. mi’ is the cyclotron effective mass naqe transition mainly comes from the change in the mag-
of the conduction electron averaged over the extremal orbit otic moments. This observation supports the magnetic ori-

and normalized by the free-electron mass The massn|  gin of phaseA/B, consistent with the notion of phageand
is determined from the slope of the data when plotted ag being SDW ordered states.
In(Ai[1—exp(—2amT/B)J/T) vs T at constantB using a Very recently, Stockeret al. have reported results from
method of successive approximations. The Dingle temperae|astic neutron-scattering measurements on single-crystalline
ture Tp, which is a measure of the scattering rate by impu-CeCy(Si,_,Ge,), for intermediatex=0.5 and weak doping
rities, is determined from the slope of the curve in a plotievel x=0.053¢ According to their results, there is almost no
IN[AB"?sinh(@n{* T/B)] vs 1B at constanfT. The cyclotron  change in the ordering wave vector (0.25,0.25,0.5) for
mass in both phases has almost the same value as that foupth crystals, but a drastic reduction occurs in the ordered
by Huntet al?! The obtainedT, is remarkably small, indi- moment from about 05 at x=0.5 to about 0.&kg for x
cating that the quality of our samples is quite good. This is=0.05. This fits appropriately to the present results of an
an important observation for investigating t and B even more strongly reduced moment for the pure system.
phases. They also reported that the observed nesting vec@agrees

For H|la, the dHVA amplitude in phas@ is extremely well with the nesting vector derived from the renormalized-
reduced compared to that in phaBeln the usual magnetic band-structure calculations by Zwicknaglal,>” supporting
materials, a reduction in the dHvA amplitude is due to athe view that phas@ is a SDW ordered state.
change in either the cyclotron magsg., UP4, Ref. 31 or
the Dingle temperaturée.g., Nblg, Refs. 32 and 33 In the
present case, however, the origin of the amplitude reduction
in phaseA is not clear yet, because the cyclotron mass and We have performed high-resolution dc-magnetization
the Dingle temperature are nearly the same in both phasesneasurements on high-quality stoichiometric single crystals

: @

[ 2mF
M s=A;Sin T+¢

A=TB 12

VI. SUMMARY
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of CeCuySi, at very low temperatures down to 50 mK and in clearly observed in thé/(T=constH) data for both field

high magnetic fields up to 115 kOe, especially focusing ororientations. Detailed magnetic phase diagrams are con-
the A andB phases. Signatures of tWdB-phase transitions structed for both directions. The phase diagramsHiye are

are clearly observed in both the temperature and the fiel@resented for the first time, to the best of our knowledge. Our
dependence of the magnetization. TW€T,H=const) curve  results are consistent with a scenario that battand B
shows a kink at theA-phase-transition temperatufBs,  phases are spin-density-wave long-range-ordered states,
which decreases with increasing the field. Conversely, th¢yhere the ordered moments are of the order of*1; /Ce.
M(T,H=const) curve for botta andc directions shows an  Thjs result is consistent with previous neutron-diffraction ex-

upward-bent anomaly at thi-phase-transition temperature neriments, which have failed to detect any magnetic Bragg
Tg, which increases with the field. In isothermal magnetizapeak so far.

tion curvesM(T=constH) at 50 mK, a metamagneticlike
first-order transition is observed at 71 kOe and 30 kOe for
H||a and c, respectively. Surprisingly, the magnitude of the
magnetization jump at the first-order transition is only 2
X 10 3ug/Ce and 8& 10 *ug/Ce for H|a andc, respec- We are grateful to Philipp Gegenwart, Christoph Geibel,
tively. Furthermore, de Haas—van Alphen oscillations areand Christoph Langhammer for valuable discussions.
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