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We have performed single-crystal neutron diffraction studies on geéguand CeCuydNigGe, to get
insight into the very unusual magnetic properties of these compounds.,GeQarders antiferromagnetically
below Ty=4.15 K in an incommensurate sinusoidal amplitude modulated structure.; @eGyGe, shows
two successive magnetic phase transition$gt=3.65 K andTy,=2.65 K, respectively. The corresponding
magnetic structures are very similar to each other as well as to the magnetic structure of pu@GeeBased
on the temperature dependence of the intensities of the principal magnetic reflections, the two magnetic phases
seem to superimpose independently of each ofl$163-182607)02509-3

INTRODUCTION principal axes with dimensions of approximatelx 7x0.5
mm. The samples have been characterized by microprobe
CeCuGe, is a heavy-fermion system, which crystallizes analysis and x-ray diffraction indicating single phase mate-
in the tetragonal ThGBi,type structure (space group rial. Experiments were carried out on the thermal triple-axis
I,/mmm. In this compound, the energy scales of theSpectrometers IN3 at the high-flux reactor of the ILL,
Ruderman-Kittel-Kasuya-YosidéRKKY) and the Kondo- (Gr_enoble a_nd E7 Io_cated at the_BERII reactor of the Hahn
type interactions reveal the same order of magnitude. Corf/i€itner Institut,(Berlin). A pyrolytic graphite(0 0 2 mono-
sequently, belowly=4.15 K antiferromagnetic order with chromator has been used to select neutrons with incident
Kondo-compensated moments is established TALL.5 K energies of 8.29 and 14.44 meEV, respectlvely. The collima-
the magnetic structure has been characterized as an inco Q(? / 4\6\{‘714?0’ /%%E / to /ﬁpegé?,l:{éso /4?]./ ofr; the IN3 ar:jd
mensurate(IC) modulated structure of localized momehts. on the E7. Graphite filters were used to

X _ suppress higher-order contamination. The samples were
Guided by an enhanced Sommerfeld coefficient well belo ounted in an orange-type cryostat covering the temperature

the Neel temperature, it has been speculated that long-rangg e petween 1.5 and 300 K. Additionally, a dilution refrig-

magnetic Zorder may coexist with a cohere_nt heavy-fermlorérator was used to investigate the magnetic structure of
(HF) state? The substitution of copper by nickel compressesCeCLizGez down to the lowest temperatures, from 40

ﬂ?e ltmit cell gnt?] int():re?jsef tthe hybridizstion between ﬁ;_e 4mK<T<1.O K. In all experiments, the crystals were oriented
© 3(: rc;)ns; ar}[ ) el Ifm .Slf"‘ e%. Eﬁﬁﬂzg Othno rrr:agm?[ IC with the reciprocal-lattice vectord 1 0) and (0 0 1) in the
orger but a typical ~ermi-liquid benavior with a Charactens-y, ;i) scattering plane. The lattice constants were refined

tic temperaturel* ~30 K2 For intermediate concentrations, to a=4.186 A andc=10.278 A for CeCyGe, anda=4.179
experimental evidence for the existence of heavy-fermior}& and .c=10 209 A for .CeCy Nig ;G&, respectively. The
band magnetisf(HFBM) as well as the appearance of non- rocking curves of CeGe, ai?\d OéeCl;IgNi01Gez demon-

Fermi—l;qgigéulilr_]) beha\éio? has b??n p(;OVided' In the r%- tstra'[ed the high perfection of the crystals leading to resolu-
gime o € Spin degrees of freedom are assumed g, , jimjted linewidths of 0.28°. No twinning of the crystals
be transferred from thef4sites to the band states, while the was observed

4f charges reside at the cerium sites. For a detailed discus-

sion of the phase diagram, the reader is referred to Refs. 4 EXPERIMENTAL RESULTS

and 5 and references therein. With the availability of single-

crystalline material, we have performed neutron diffraction The magnetic structure of Ce@be, has been investi-

measurements on Cegke, and CeCyNi, ;Ge, to investi- gated previously using neutron powder-diffraction

gate the unusual magnetic properties and the complex phagechniques. A modulated structure, incommensurate with

diagram of these compounds in detail. the underlying nuclear lattice, has been detected below

Ty=4.15 K with a propagation vectar=(0.28, 0.28, 0.54

The size of the magnetic mome{t.74ug at T=1.5 K) was

considerably smaller than the moment estimated from the
Single crystals have been synthesized by the Czochralsksrystal-field split ground state which was calculated to

technique. The crystals consisted of small plates along themount 1.545.! Using the highly increased precision and

EXPERIMENTAL DETAILS
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FIG. 1. Temperature dependence of the principal magnetic F|G, 2. Temperature dependence of the componepts=q,)
Bragg peak(0 0 0" of CeCyGe,. The full line is the Brillouin  gnq q, of the propagation vector of CegBe,. Below T<1 K, no
function forj=1/2. further change of the propagation vector could be detected within

the experimental accuracy.

comfort of newly developed fitting routines we reanalyzed

these diffraction data. Our new results are slightly differenttion are indicated in Fig. 1. We scanned in the reciprocal
compared to those of Ref. 1. We first performed a groupspace to look for higher harmonics. Unfortunately, no defi-
theoretical analysis following the classical paper of Beftaut nite results could be obtained. A very weak signal corre-
to extract the possible magnetic structures allowed by symsponding to a reciprocal-lattice position af Svas observed.
metry. Then the magnetic intensities were fitted by employdn contrast, a corresponding third-order signal could not be
ing the FULLPROF program’ The results indicated a static, detected, although it should be stronger in intensity. To ex-
sinusoidal amplitude-modulated spin wave with the magneticlude possible spurious effects, this experiment was repeated
moments confined to thiel 1 O] plane and inclined by ap- with reproducible results and the principal magnetic structure
proximately 10° with respect to the propagation vector. Ahad been confirmed. The absence of higher-order harmonics
magnetic moment of £0.1ug has been determined in agree- might be related to the Kondo screening which allows the
ment with magnetization measuremehfBhe single-crystal modulated structure to remain stable at low temperature. At
results on CeCy5e, essentially confirmed the propagation T=40 mK, the propagation vector was refinedqte (0.283,
vector of the powder-diffraction experiments. An incommen-0.283, 0.538 and did not change within the experimental
surate magnetic structure with a propagation vector ofccuracy in the very low-temperature rangel K. These
g=(0.284, 0.284, 0.543-0.001 atT=1.5 K and a transition low-temperature data have been included in Fig. 2. The prob-
temperature offy=4.2+0.1 K have been determined. The lem is that no overlap exists in the data sets which were
temperature dependence of the principal magnetic Bragtaken at different temperatures. It should be noted that the
peak(0 0 0 is shown in Fig. 1. In the critical region close low-temperature values of the propagation vector are close to
to the Nesl temperaturdy, the integrated magnetic intensi- a commensurate modulation gf=(2/7, 2/7, 7/13. Hence,

ties yield a critical exponen8=0.44+0.02. This is close to the data at hand could be interpreted as a lock-in phase tran-
the classical value o3=0.5. For comparison, a Brillouin sition from an IC high-temperature phase to a commensurate
function forj=1/2 is shown in Fig. 1 as well. Since neutron low-temperature state close To=1 K. Further support for a
diffraction only yields the orthogonal component of the mag-low-temperature phase transition stems from macroscopic
netic moment, an accurate magnetic structure determinatiomeasurements, especially specific Hebtowever, detailed

by single-crystal diffraction requires the measurement of thaeutron-scattering investigations for temperatures 0.5
magnetic intensities in absolute units. In the present casé&<T=<1.5 K are necessary to clarify this point and with the
this requirement is hampered by severe extinction problempresent data also a smooth variation to a saturated low-
due to the high quality and the correspondingly small mosatemperature propagation vector cannot be excluded.

icities of the samples. Consequently, we could not determine We now turn to CeCugNig 1Ge,. Already on the basis of
the direction and the modulus of the magnetic moment. Figmacroscopic measurements, two magnetic phase transitions
ure 2 shows the temperature dependence of the propagatian Ty;~3.6 K andTy,~2.5 K have been detectéfi First,
vector in detail. A small and continuous shift is evident for we checked the coexistence of two magnetic phases below
both independent componerds and g, of the propagation T=<2.5 K. The result of our measurementsTat1.75 K is
vector. This is a typical behavior of IC magnetic structuresdisplayed in Fig. 3. Two magnetic Bragg peaks are clearly
Based on entropy arguments, f6+0 a squaring up of the visible, corresponding to two propagation vectors of
incommensurate structure with shorter periodicities has to bg;=(0.282, 0.282, 0.530and g,=(0.282, 0.282, 0.502re-
expectedRef. 8, and references thergiifhis is reflected by spectively. The widths of the two magnetic reflections are
the appearance of higher harmonics. To observe such aearly different amounting to 0.0029 and 0.0015%com-
change of the magnetic structure in CgGa,, we have ex- pared to the width of the nuclear reflectig@ 0 2) with
tended our measurements down &40 mK. The corre- Aq=0.0028 A 1. The peak with modulationy, is too nar-
sponding magnetic intensities of tii@ 0 0" Bragg reflec- row. At present, we have no definite explanation. A possible
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FIG. 3. Principal magnetic Bragg reflectiof® 0 0F and
(0 0 03 of CeCy Niy;Ge at T=1.75 K. The horizontal bar indi-
cates the experimental resolution. 0.6
reason may be the fact that the second magnetic modulation
is not exactly correct and the scan as shown in Fig. 3 is 0.55
slightly off center with respect to the modulation vectpr '
The magnetic structures are very similar to that of pure qz T=2.65K
CeCuyGe,. The temperature dependence of the magnetic in-
tensities of the principal magnetic reflecti¢ét 0 0); and 0.5
(0 0 05 are shown in Fig. 4. The full line corresponds to
normalizedj =1/2 Brillouin functions. Amazingly, the onset
and evolution of the second magnetic phase does not seem to 0.45
influence the first magnetic phase at all. To confirm this very
unusual magnetic behavior, a similar experiment has been
performed with a different CeGuNij ,Ge, single crystal.
This time, the complete principal magnetic reflections were 0.6
recorded by scanning the reciprocal space in fine steps. The
result is shown in Fig. 5. The intensity corresponding to the
second magnetic phase is vanishing with increasing tempera- 055
ture without any influence onto the magnetic Bragg peak
originating from the first magnetic phase. We point out that T=3.6K
beyond the standard characterization by microprobe and
x-ray diffraction, the samples had been scanned by x-ray 0.5
diffraction to exclude any variation of the lattice constants
within the sample size that would indicate mesoscopic inho-
mogeneities. We note not only that two different single crys- 0.45
tals yielded to the same unusual magnetic behavior, but even 0.27 0.28 0.29

[ax.qx,0]
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FIG. 5. Contour plot of the magnetic intensity of the principal
magnetic reflection€0 0 0+q, and(0 0 0)+q, of CeCy Nig 1Ge,.
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The maxima of the intensity correspond to propagation vectors
g,=(0.282, 0.282, 0.530and q,=(0.282, 0.282, 0.502at T=1.6

K. The detailed shape of the Bragg peaks is determined by the
convolution with the instrumental resolution. Dark areas correspond
to weak and white areas to strong magnetic intensitiebitrary
units).

polycrystalline material which has been grown using com-
pletely different sample preparation conditions revealed two
magnetic phase transitions for 5% Ni as well. Furthermore,

FIG. 4. Temperature dependences of the intensities of the prir@S mentioned above no twinning of the crystals could be

cipal magnetic Bragg reflections of CeGiij Ge,, indicating the

detected. Therefore, we conclude that the results of our

two successive phase transitions. The solid lines are normalize@resent single-crystal neutron diffraction study are really re-

j=1/2 Brillouin functions.

flecting intrinsic properties of CeGyNiy,Ge,. Since these
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measurements had been performed employing two crystathe magnetic scattering seems to be present as well in
of different shape, due to the different extinction effects, theCeCyGe,. The magnetic behavior of CeCgNij1Ge, is

magnetic intensities of Figs. 4 and 5 cannot be comparegarticularly remarkable for the appearance of a second mag-
directly with each other and at present we cannot give correatetic phase which does not seem to influence the original
values of the magnetic moments corresponding to the twanagnetic structure at all. The propagation vector of the sec-

different magnetic phases. ond structureq,=(0.282, 0.282, 0.502is very close to
g,=(0.282, 0.282, 0.530From the phase diagram of Ref. 4
DISCUSSION AND CONCLUSIONS it is known that the 5% Ni compound is located in a region

between two different types of magnetism. It has been specu-
(ks Trey andksT*) are equal in size. This can be inferred lated that HFBM appears for the compound with a Ni con-

already by the anomalous behavior of its quasieIasti(,cemrat'of1 x=0.5. Henc_e, the two magnetu_: phases in
scatterindg® The magnetic moment of 1%, as determined CeCuy Nig,Ge, may be interpreted as a coexistence of lo-

by integrating the quasielastic scattering intensities exceeo%al'zed magnetic momen(§,~3.6 K) with a bandlike mag-

the value of the magnetic moment of the powder neutron-netlsm of heavy fermion§Ty~2.5 K). However, two facts

diffraction data, thus displaying the dominant role of mag-n;ake tth't‘c;] SpeCl_J|atI0I;1 Iesstplguzltl)ale. F'ﬁ’ th?. c%mpoundt_ls
netic fluctuations and the dynamic character of its magne9 ose Ot N (rjeglrlne ¢ argc etr|z§ gwe -loca 'Z?. mz;gne '%
tism. The close connection between the spin structure an%Omen S and only a moderate rondo compensation. second,

In CeCuyGe, the two relevant energy scales of HFS

the Fermi surface has been demonstrated early by Yosidi® fact thqt the ordering_ wave Vvectors are so close indic_ate
and Watanab for heavy rare-earth metals. Experimentallyt at qnly slight changgs in the Fermi surface are responsible
this has been verified in compounds with the TiSLrtype for t'hIS effect. _Hence, it could be that the effec@s of the Iogal
structure by Leciejewicz and SzytulaThey found that the environment, like the nu_rnber of Ni nearest n_elg_hbors, drive
modulation vector sensitivity depends on thke ratio and the two d|fferen_t magnetic structures. It_|s Intriguing to com-
on the number of conduction electrons of the compound?alre the behavior of G€u, _,Ni,),Ge, with the phase dia-

H 18
under consideration. Slatérand Overhaus&t have shown 9ram of CeCuSi ,Gg),. ™ If only volume-dependent ef-

that interacting electrons also can yield modulated spin strucf-emS should gover the physical properties of these

tures using essentially the same interaction mechanism é:%mpounds, then Q@ulfoix)ZGel and Cecb(Si.l—XGe’()z
proposed by Yosida and Watanai®©ur observations are in S OdUIdt behave ver;(; s[[r_mlarlz. Inqleed, apl%'ﬂﬂg pressure
good agreement with the results of specific—heatIea S 10 a superconducting phase in Cm IS pres-
measurement$!® The magnetic phase transition of sure is required to compress .the unit-cell vqumQ of
CeCuyGe, is reflected by a jump of the specific heat at CeCuyGe, to the volume of its Si homologue at ambient

_ ; e pressure. On the other hand, at ambient pressure pure
T=4.15 K. The considerable deviations fromAashaped CeCuSi, becomes superconducting beldw=0.6 K2 and

anomaly can be ascribed to the onset of an IC amplitude—h tic oh ) derat te Rlof
modulated structure. Within such structures, the magnetié Ows a magneuic phase in moderate magnetic fie a
et unknown nature. Unlike the behavior of uranium-based

moments close to the node of the modulation are almos¥ L .
paramagnetic and therefore do not contribute to the specifi F supelrco.nductors,. superconduptlvny and magnetism do
heat. This reduction of the height of theanomaly atTy hot coexist in _Ce_ lp. Pure CeI\EGe.Z IS & nonmagnetic
increases the heat capacity at IGwleading to a humplike heavy Fermi-liquid. The I.C magnetic structure of pure
feature to compensate for the loss of entrop¥ at®® How- Cep%ﬁ? seems essentially preserved in both alloy
series:~® Measurements of the specific heat, magnetic sus-

ever, atTy the magnetic entropy only reaches 70%olin2. s .
This red’\LIJction rr?ay partly Ft?é agcribed to the Kondo_cepublhty, and resistivity showed three different low-

compensation effect and partly to magnetic fluctuations. Th&eMPperature transitions in .C?QB'PXGG“)b two Of. them
specific-heat data indicate that a significant amount of ma definitively of magnetic origin. Pow_der neutron diffraction
netic entropy(13% of R In2) is associated with fluctuations re_vgaged $T85é |dre]nt|cal magnetlct_ St.ﬂf[Ctur.?.S fo#ll, db
above Ty . The situation has similarities with the heavy- X=0.0, antx=1.0, whereas no magnetic intensities cou'd be
fermion superconductor URSI,.!” There, magnetic fluctua- observed forx=0.4. The neutron-scattering studies have
tions start to develop already at 100 K, i.e., abovB5 The been pe.”‘ofmed well below the second phase transition.
different results of different experimental techniques Con_Hence, like in the case of CeGaNig ,Gey, the appearance of

cerning the magnetic phase transitigior example, ex- a second magnetic phase transition does not seem to affect

tremely small ordered magnetic moments but a considerabltge modulate_d structure e;tabhshedl’gg.
In conclusion, a fascinating and unusual sequence of mag-

change in magnetic entropyre based on the fact that the . . .
g 9 Py netic phase transitions seems to occur in Ce-based HF sys-

magnetic response is mainly inelastic in nature. Recent int- | to the critical hvbridizat ¢ th which
vestigations seem to clarify that two different types of mag- ems close 1o the critical nybridization strength which sepa-
rates magnetic and nonmagnetic ground states. Much more

netism are responsible for the unusual properties of J3RBu . . :
The magnetic phase transitiong{=17.5 K is characterized experlm_ental WO”.( s needed to elucidate these complex
magnetic phase diagrams.

by the ordering of small magnetic moments witlQavector
of (0 0 1/2, while the fluctuating part takes place on a sphere
(and therefore only depending on the modulusQ@f en-
closed by the Brillouin zone. Such a separation in reciprocal This work has been supported by the BMFT under Con-
space, on the one hand, of the long-range order of well lotract No. 03-LO3DAR. Stimulating discussions with C. Gei-
calized, but partly Kondo-compensated magnetic momentdyel and F. Steglich are acknowledged. We thank F. Fischer
and on the other hand, of the fluctuating quasielastic part afind A. Maiazza for sample preparation and characterization.
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