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Single-crystal neutron diffraction studies on CeCu2Ge2 and CeCu1.9Ni0.1Ge2
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We have performed single-crystal neutron diffraction studies on CeCu2Ge2 and CeCu1.9Ni0.1Ge2 to get
insight into the very unusual magnetic properties of these compounds. CeCu2Ge2 orders antiferromagnetically
below TN54.15 K in an incommensurate sinusoidal amplitude modulated structure. CeCu1.9Ni0.1Ge2 shows
two successive magnetic phase transitions atTN153.65 K andTN252.65 K, respectively. The corresponding
magnetic structures are very similar to each other as well as to the magnetic structure of pure CeCu2Ge2. Based
on the temperature dependence of the intensities of the principal magnetic reflections, the two magnetic phases
seem to superimpose independently of each other.@S0163-1829~97!02509-5#
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INTRODUCTION

CeCu2Ge2 is a heavy-fermion system, which crystallize
in the tetragonal ThCr2Si2-type structure ~space group
I 4/mmm!. In this compound, the energy scales of t
Ruderman-Kittel-Kasuya-Yosida~RKKY ! and the Kondo-
type interactions reveal the same order of magnitude. C
sequently, belowTN54.15 K antiferromagnetic order with
Kondo-compensated moments is established. AtT51.5 K
the magnetic structure has been characterized as an in
mensurate~IC! modulated structure of localized moments1

Guided by an enhanced Sommerfeld coefficient well be
the Néel temperature, it has been speculated that long-ra
magnetic order may coexist with a coherent heavy-ferm
~HF! state.2 The substitution of copper by nickel compress
the unit cell and increases the hybridization between thef
electrons and the band states. CeNi2Ge2 shows no magnetic
order but a typical Fermi-liquid behavior with a character
tic temperatureT*'30 K.3 For intermediate concentration
experimental evidence for the existence of heavy-ferm
band magnetism4 ~HFBM! as well as the appearance of no
Fermi-liquid ~NFL! behavior5 has been provided. In the re
gime of HFBM the spin degrees of freedom are assume
be transferred from the 4f sites to the band states, while th
4 f charges reside at the cerium sites. For a detailed dis
sion of the phase diagram, the reader is referred to Ref
and 5 and references therein. With the availability of sing
crystalline material, we have performed neutron diffracti
measurements on CeCu2Ge2 and CeCu1.9Ni0.1Ge2 to investi-
gate the unusual magnetic properties and the complex p
diagram of these compounds in detail.

EXPERIMENTAL DETAILS

Single crystals have been synthesized by the Czochra
technique. The crystals consisted of small plates along
550163-1829/97/55~10!/6416~5!/$10.00
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principal axes with dimensions of approximately 73730.5
mm. The samples have been characterized by micropr
analysis and x-ray diffraction indicating single phase ma
rial. Experiments were carried out on the thermal triple-a
spectrometers IN3 at the high-flux reactor of the IL
~Grenoble! and E7 located at the BERII reactor of the Ha
Meitner Institut,~Berlin!. A pyrolytic graphite~0 0 2! mono-
chromator has been used to select neutrons with incid
energies of 8.29 and 14.44 meV, respectively. The collim
tion was set to /open/308/308/408/ on the IN3 and
/608/408/408/608/ on the E7. Graphite filters were used
suppress higher-order contamination. The samples w
mounted in an orange-type cryostat covering the tempera
range between 1.5 and 300 K. Additionally, a dilution refri
erator was used to investigate the magnetic structure
CeCu2Ge2 down to the lowest temperatures, from 4
mK<T<1.0 K. In all experiments, the crystals were orient
with the reciprocal-lattice vectors~1 1 0! and ~0 0 1! in the
horizontal scattering plane. The lattice constants were refi
to a54.186 Å andc510.278 Å for CeCu2Ge2 anda54.179
Å and c510.299 Å for CeCu1.9Ni0.1Ge2, respectively. The
rocking curves of CeCu2Ge2 and CeCu1.9Ni0.1Ge2 demon-
strated the high perfection of the crystals leading to reso
tion limited linewidths of 0.28°. No twinning of the crystal
was observed.

EXPERIMENTAL RESULTS

The magnetic structure of CeCu2Ge2 has been investi-
gated previously using neutron powder-diffractio
techniques.1 A modulated structure, incommensurate wi
the underlying nuclear lattice, has been detected be
TN54.15 K with a propagation vectorq5~0.28, 0.28, 0.54!.
The size of the magnetic moment~0.74mB at T51.5 K! was
considerably smaller than the moment estimated from
crystal-field split ground state which was calculated
amount 1.54mB .

1 Using the highly increased precision an
6416 © 1997 The American Physical Society
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comfort of newly developed fitting routines we reanalyz
these diffraction data. Our new results are slightly differe
compared to those of Ref. 1. We first performed a gro
theoretical analysis following the classical paper of Berta6

to extract the possible magnetic structures allowed by s
metry. Then the magnetic intensities were fitted by empl
ing the FULLPROF program.7 The results indicated a static
sinusoidal amplitude-modulated spin wave with the magn
moments confined to the@1 1 0# plane and inclined by ap
proximately 10° with respect to the propagation vector.
magnetic moment of 160.1mB has been determined in agre
ment with magnetization measurements.2 The single-crystal
results on CeCu2Ge2 essentially confirmed the propagatio
vector of the powder-diffraction experiments. An incomme
surate magnetic structure with a propagation vector
q5~0.284, 0.284, 0.543!60.001 atT51.5 K and a transition
temperature ofTN54.260.1 K have been determined. Th
temperature dependence of the principal magnetic Br
peak~0 0 0!1 is shown in Fig. 1. In the critical region clos
to the Néel temperatureTN , the integrated magnetic intens
ties yield a critical exponentb50.4460.02. This is close to
the classical value ofb50.5. For comparison, a Brillouin
function for j51/2 is shown in Fig. 1 as well. Since neutro
diffraction only yields the orthogonal component of the ma
netic moment, an accurate magnetic structure determina
by single-crystal diffraction requires the measurement of
magnetic intensities in absolute units. In the present c
this requirement is hampered by severe extinction proble
due to the high quality and the correspondingly small mo
icities of the samples. Consequently, we could not determ
the direction and the modulus of the magnetic moment. F
ure 2 shows the temperature dependence of the propag
vector in detail. A small and continuous shift is evident f
both independent componentsqx andqz of the propagation
vector. This is a typical behavior of IC magnetic structur
Based on entropy arguments, forT→0 a squaring up of the
incommensurate structure with shorter periodicities has to
expected~Ref. 8, and references therein!. This is reflected by
the appearance of higher harmonics. To observe suc
change of the magnetic structure in CeCu2Ge2, we have ex-
tended our measurements down toT>40 mK. The corre-
sponding magnetic intensities of the~0 0 0!1 Bragg reflec-

FIG. 1. Temperature dependence of the principal magn
Bragg peak~0 0 0!1 of CeCu2Ge2. The full line is the Brillouin
function for j51/2.
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tion are indicated in Fig. 1. We scanned in the recipro
space to look for higher harmonics. Unfortunately, no de
nite results could be obtained. A very weak signal cor
sponding to a reciprocal-lattice position of 5q was observed.
In contrast, a corresponding third-order signal could not
detected, although it should be stronger in intensity. To
clude possible spurious effects, this experiment was repe
with reproducible results and the principal magnetic struct
had been confirmed. The absence of higher-order harmo
might be related to the Kondo screening which allows
modulated structure to remain stable at low temperature
T540 mK, the propagation vector was refined toq5~0.283,
0.283, 0.538! and did not change within the experiment
accuracy in the very low-temperature rangeT<1 K. These
low-temperature data have been included in Fig. 2. The pr
lem is that no overlap exists in the data sets which w
taken at different temperatures. It should be noted that
low-temperature values of the propagation vector are clos
a commensurate modulation ofq'~2/7, 2/7, 7/13!. Hence,
the data at hand could be interpreted as a lock-in phase
sition from an IC high-temperature phase to a commensu
low-temperature state close toT51 K. Further support for a
low-temperature phase transition stems from macrosco
measurements, especially specific heat.9 However, detailed
neutron-scattering investigations for temperatures
K<T<1.5 K are necessary to clarify this point and with th
present data also a smooth variation to a saturated l
temperature propagation vector cannot be excluded.

We now turn to CeCu1.9Ni0.1Ge2. Already on the basis of
macroscopic measurements, two magnetic phase transi
at TN1'3.6 K andTN2'2.5 K have been detected.10 First,
we checked the coexistence of two magnetic phases be
T<2.5 K. The result of our measurements atT51.75 K is
displayed in Fig. 3. Two magnetic Bragg peaks are clea
visible, corresponding to two propagation vectors
q15~0.282, 0.282, 0.530! andq25~0.282, 0.282, 0.502!, re-
spectively. The widths of the two magnetic reflections a
clearly different amounting to 0.0029 and 0.0015 Å21 com-
pared to the width of the nuclear reflection~0 0 2! with
Dq50.0028 Å21. The peak with modulationq2 is too nar-
row. At present, we have no definite explanation. A possi

ic FIG. 2. Temperature dependence of the componentsqx ~5qy!
andqz of the propagation vector of CeCu2Ge2. Below T<1 K, no
further change of the propagation vector could be detected wi
the experimental accuracy.
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reason may be the fact that the second magnetic modula
is not exactly correct and the scan as shown in Fig. 3
slightly off center with respect to the modulation vectorq2.
The magnetic structures are very similar to that of p
CeCu2Ge2. The temperature dependence of the magnetic
tensities of the principal magnetic reflection~0 0 0!1

1 and
~0 0 0!2

1 are shown in Fig. 4. The full line corresponds
normalizedj51/2 Brillouin functions. Amazingly, the onse
and evolution of the second magnetic phase does not see
influence the first magnetic phase at all. To confirm this v
unusual magnetic behavior, a similar experiment has b
performed with a different CeCu1.9Ni0.1Ge2 single crystal.
This time, the complete principal magnetic reflections w
recorded by scanning the reciprocal space in fine steps.
result is shown in Fig. 5. The intensity corresponding to
second magnetic phase is vanishing with increasing temp
ture without any influence onto the magnetic Bragg pe
originating from the first magnetic phase. We point out th
beyond the standard characterization by microprobe
x-ray diffraction, the samples had been scanned by x-
diffraction to exclude any variation of the lattice constan
within the sample size that would indicate mesoscopic in
mogeneities. We note not only that two different single cr
tals yielded to the same unusual magnetic behavior, but e

FIG. 3. Principal magnetic Bragg reflections~0 0 0!1
1 and

~0 0 0!2
1 of CeCu1.9Ni0.1Ge2 at T51.75 K. The horizontal bar indi-

cates the experimental resolution.

FIG. 4. Temperature dependences of the intensities of the p
cipal magnetic Bragg reflections of CeCu1.9Ni0.1Ge2, indicating the
two successive phase transitions. The solid lines are norma
j51/2 Brillouin functions.
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polycrystalline material which has been grown using co
pletely different sample preparation conditions revealed t
magnetic phase transitions for 5% Ni as well. Furthermo
as mentioned above no twinning of the crystals could
detected. Therefore, we conclude that the results of
present single-crystal neutron diffraction study are really
flecting intrinsic properties of CeCu1.9Ni0.1Ge2. Since these

n-

ed

FIG. 5. Contour plot of the magnetic intensity of the princip
magnetic reflections~0 0 0!1q1 and~0 0 0!1q2 of CeCu1.9Ni0.1Ge2.
The maxima of the intensity correspond to propagation vec
q15~0.282, 0.282, 0.530! andq25~0.282, 0.282, 0.502! at T51.6
K. The detailed shape of the Bragg peaks is determined by
convolution with the instrumental resolution. Dark areas corresp
to weak and white areas to strong magnetic intensities~arbitrary
units!.
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measurements had been performed employing two crys
of different shape, due to the different extinction effects,
magnetic intensities of Figs. 4 and 5 cannot be compa
directly with each other and at present we cannot give cor
values of the magnetic moments corresponding to the
different magnetic phases.

DISCUSSION AND CONCLUSIONS

In CeCu2Ge2 the two relevant energy scales of HF
~kBTRKKY andkBT* ! are equal in size. This can be inferre
already by the anomalous behavior of its quasiela
scattering.4 The magnetic moment of 1.7mB , as determined
by integrating the quasielastic scattering intensities exce
the value of the magnetic moment of the powder neutr
diffraction data, thus displaying the dominant role of ma
netic fluctuations and the dynamic character of its mag
tism. The close connection between the spin structure
the Fermi surface has been demonstrated early by Yo
and Watanabe11 for heavy rare-earth metals. Experimenta
this has been verified in compounds with the ThCr2Si2-type
structure by Leciejewicz and Szytula.12 They found that the
modulation vector sensitivity depends on thea/c ratio and
on the number of conduction electrons of the compou
under consideration. Slater13 and Overhauser14 have shown
that interacting electrons also can yield modulated spin st
tures using essentially the same interaction mechanism
proposed by Yosida and Watanabe.11 Our observations are in
good agreement with the results of specific-h
measurements.3,15 The magnetic phase transition o
CeCu2Ge2 is reflected by a jump of the specific heat
T54.15 K. The considerable deviations from al-shaped
anomaly can be ascribed to the onset of an IC amplitu
modulated structure. Within such structures, the magn
moments close to the node of the modulation are alm
paramagnetic and therefore do not contribute to the spe
heat. This reduction of the height of thel anomaly atTN
increases the heat capacity at lowT, leading to a humplike
feature to compensate for the loss of entropy atTN .

8,16How-
ever, atTN the magnetic entropy only reaches 70% ofR ln2.
This reduction may partly be ascribed to the Kond
compensation effect and partly to magnetic fluctuations. T
specific-heat data indicate that a significant amount of m
netic entropy~13% ofR ln2! is associated with fluctuation
above TN . The situation has similarities with the heav
fermion superconductor URu2Si2.

17 There, magnetic fluctua
tions start to develop already at 100 K, i.e., above 5TN . The
different results of different experimental techniques co
cerning the magnetic phase transition~for example, ex-
tremely small ordered magnetic moments but a consider
change in magnetic entropy! are based on the fact that th
magnetic response is mainly inelastic in nature. Recent
vestigations seem to clarify that two different types of ma
netism are responsible for the unusual properties of URu2Si2.
The magnetic phase transition atTN517.5 K is characterized
by the ordering of small magnetic moments with aQ vector
of ~0 0 1/2!, while the fluctuating part takes place on a sph
~and therefore only depending on the modulus ofQ! en-
closed by the Brillouin zone. Such a separation in recipro
space, on the one hand, of the long-range order of well
calized, but partly Kondo-compensated magnetic mome
and on the other hand, of the fluctuating quasielastic par
ls
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the magnetic scattering seems to be present as we
CeCu2Ge2. The magnetic behavior of CeCu1.9Ni0.1Ge2 is
particularly remarkable for the appearance of a second m
netic phase which does not seem to influence the orig
magnetic structure at all. The propagation vector of the s
ond structureq25~0.282, 0.282, 0.502! is very close to
q15~0.282, 0.282, 0.530!. From the phase diagram of Ref.
it is known that the 5% Ni compound is located in a regi
between two different types of magnetism. It has been spe
lated that HFBM appears for the compound with a Ni co
centration x50.5. Hence, the two magnetic phases
CeCu1.9Ni0.1Ge2 may be interpreted as a coexistence of
calized magnetic moments~TN'3.6 K! with a bandlike mag-
netism of heavy fermions~TN'2.5 K!. However, two facts
make this speculation less plausible. First, the compoun
close to the regime characterized by well-localized magn
moments and only a moderate Kondo compensation. Sec
the fact that the ordering wave vectors are so close indic
that only slight changes in the Fermi surface are respons
for this effect. Hence, it could be that the effects of the lo
environment, like the number of Ni nearest neighbors, dr
the two different magnetic structures. It is intriguing to com
pare the behavior of Ce~Cu12xNix!2Ge2 with the phase dia-
gram of CeCu2~Si12xGex!2.

18 If only volume-dependent ef-
fects should govern the physical properties of the
compounds, then Ce~Cu12xNix!2Ge2 and CeCu2~Si12xGex!2
should behave very similarly. Indeed, applying press
leads to a superconducting phase in CeCu2Ge2.

19 This pres-
sure is required to compress the unit-cell volume
CeCu2Ge2 to the volume of its Si homologue at ambie
pressure. On the other hand, at ambient pressure
CeCu2Si2 becomes superconducting belowT50.6 K,20 and
shows a magnetic phase in moderate magnetic fields21–23of a
yet unknown nature. Unlike the behavior of uranium-bas
HF superconductors, superconductivity and magnetism
not coexist in CeCu2Si2. Pure CeNi2Ge2 is a nonmagnetic
heavy Fermi-liquid.4 The IC magnetic structure of pur
CeCu2Ge2 seems essentially preserved in both all
series.4,18 Measurements of the specific heat, magnetic s
ceptibility, and resistivity showed three different low
temperature transitions in CeCu2~Si12xGex!2,

18 two of them
definitively of magnetic origin. Powder neutron diffractio
revealed almost identical magnetic structures forx51,
x50.8, andx50.6, whereas no magnetic intensities could
observed forx50.4. The neutron-scattering studies ha
been performed well below the second phase transit
Hence, like in the case of CeCu1.9Ni0.1Ge2, the appearance o
a second magnetic phase transition does not seem to a
the modulated structure established atTN1.

In conclusion, a fascinating and unusual sequence of m
netic phase transitions seems to occur in Ce-based HF
tems close to the critical hybridization strength which se
rates magnetic and nonmagnetic ground states. Much m
experimental work is needed to elucidate these comp
magnetic phase diagrams.
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