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Neutron-diffraction study of CeCuGa,
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Neutron-diffraction experiments have been performed on both polycrystalline and single-crystal samples of
CeCuGa. The results of the powder diffraction experiments show that Cega@apts an incommensurate
magnetic structure at 1.25 K. The propagation wave vector associated with the magnetic okgering
(0.176, 0.176, P and the magnitude of the magnetic moment in the ordered state is 0.Q3ug. Single-
crystal neutron diffraction confirmed the existence of magnetic satellite pedisralues determined by the
wave vectolk,,. Additional satellites have been observed in the single-crystal diffraction experiments with an
incommensurate propagation vectorkqf=(0.137, 0.137, 0). These are probably the result of a short-ranged
modulation of the crystal structurg50163-18208)05014-0

I. INTRODUCTION cantly lower than the theoretical value for a ground-state
doublet ofR In2 (=5.76 J mol . The additional magnetic
The series of alloys CeCAl,_,, and CeMGa,_,, entropy is spread over a wide temperature range, which is

where M is one of thel-blockmetals Au, Cu, Ni, or Pt, have typically caused by a combination of the Kondo effect and
been the subject of a number of recent experimental investshort-ranged order. In this paper we present results of
gations (Refs. 1-7, and references thepeiThese alloys neutron-diffraction measurements from polycrystalline and
have a solubility range fox between 0.5 and 1.5, and out- single-crystal samples that show the existence of long-range
side this range the samples are multiphase. The electrical afiicommensurate magnetic order in CeCyGelow its order-
magnetic properties of these materials are governed by thag temperature, and the possibility of a structural modula-
relative strength of the competing interactions of the Konddion within the crystal.
effect and the Ruderman-Kittel-Kasuya-YosidRKKY ) in-
teraction. By decreasing the value »fin these series of
alloys, the strength of the RKKY exchange interaction is
increased with respect to the Kondo effect, leading to higher Approximately 30 g of polycrystalline CeCuGavere
ordering temperatures of these compounds. With the exceprepared by arc melting the stoichiometric quantities of the
tions of CePtGa and CeNiGa the aforementioned com- constituent element€Ce 99.9%; Cu, Ga 99.99%n a tita-
pounds crystallize with a tetragonal structure, with the spac@ium gettered argon atmosphere. The weight losses due to
group dependent upon the value ®&f The compound the arc-melting process were negligiltls0.1%. The mate-
CePtGa crystallizes in the orthorhombic PrNig&Fmmn) rial was then wrapped in tantalum foil and annealed in Ar
structure? while the structure of CeNiGas sensitive to its  purged quartz tubes for two weeks at 600 °C. X-ray powder
heat treatment. An as-cast sample of CeNi@ams in a diffraction and energy dispersive spectroscopy measure-
body-centered tetragonal structure that reverts to the orthanents showed the sample was single phase. A single crystal
rhombic structure after annealing at 700 °C for six days. of CeCuGa, of volume approximately 4 cinwas grown at
This change in structure of CeNigaonsiderably broadens the University of Birmingham using the Czochralski method
the magnetic transition as seen from measurements of tha a tungsten crucible.
specific heat. Neutron powder diffraction experiments were performed
The compound CeCuGarystallizes in the BaNiSftype  using the two-axis diffractometer D1B at the Institut Laue-
structure (4mm). Our own measurements of the ac suscepLangevin in Grenoble. The polycrystalline samples were
tibility and specific heat of polycrystalline CeCugihave  powdered and placed into a vanadium can and mounted in a
shown the onset of a magnetic transition at approximatelyHe cryostat with a base temperature of 1.25 K. Neutron-
1.9 K2 The entropy associated with the transition into thediffraction measurements on the single crystal of CeGuGa
magnetically ordered state only attains a value ofwere taken on the triple-axis spectrometer HB 2 at the high-
2.58 I mol'?! at the ordering temperature, which is signifi- flux-isotope reactor at the Oak Ridge National Laboratory,

II. EXPERIMENTAL DETAILS
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FIG. 2. The difference between the neutron diffraction spectra
FIG. 1. TheruLLproF refinement of polycrystalline CeCuga taken at 1.25 and 10 K for polycrystalline CeCuyGhowing the
assuming the BaNiSrstructure(l 4mmspace group The observed  magnetic diffraction peaks. The calculated fit is shown by the solid
neutron diffraction spectrum at 10 K is shown by the markers, whilejine, Note: the points close to the nuclear Bragg peaks have been
the fit is shown by the solid line. The difference between the obyemoved for clarity, and the group of peaks near 80° have been
served and calculated data is shown underneath the plot. ignored due to close proximity of th@02) and(114) Bragg peaks.

using an incident wavelength of 2.351 A, up t¢Q@| value  peaks which are incommensurate with the chemical °cell.

of approximately 4.2 A*. PG[002] was used as the mono- These magnetic Bragg reflections can be indexed in terms of

chromator and analyzer, and as a filter to minimize the contQ|=| = k.|, wherer,, is a reciprocal lattice vector of

tamination from the\/2 in the incident beam. The single the chemical unit cell ank,, is the propagation vector of the

crystal was mounted inside a He cryostat with a base temmagnetic ordering. Trial and error initially determinég,

perature of approximately 1.9 K with tfié 1 0] axis vertical, ~ =(0.176, 0.176, 0). The best fit to the integrated intensities

allowing access to the Bragg reflections in fieh |] plane.  was obtained assuming a simple helical structure for the
magnetic moments. For such a helical arrangement the inte-

. RESULTS grated intensities of the magnetic Bragg peéksbarns unit
cell™}) is given by®!
A. Powder neutron diffraction
Neutron-diffraction spectra of the polycrystalline sample _Pu 2
were recorded at tempgratures of 10pK¥n ¥he paramagrl?etic 'w(1QD= 4 (1+cos’ 7)[Fu(| QD)

state, and in the ordered state at 1.25 K using an incident.

wavelength\ of 2.52 A. Both sets of nuclear Bragg diffrac- with pr, the multiplicity of the magnetic Bragg peak, ands
he inclination of the spiral axis to the scattering vedfr

tion peaks could be indexed assuming a tetragondl .
BaNiSprg-type crystal structurel@mm). The grystal stru?:— aThe_ term(1+cos 7) is the average of (% cos’ 7) over all
equivalent scattering vectors, and the magnetic structure fac-

ture at 10 K was refined by Rietveld analysis usingrtieL- A o

PROFprogram® assuming thé4mm space group. The calcu- 1O Fm(IQl) is given by

lated and observed neutron-diffraction spectrums are shown 2
in Fig. 1. The final structural parameters for CeCy@ee IFm(1QD|%x| p> [f,(Q){mye'?il|
shown in Table I. At 10 K the refined lattice parameters were ]

at 10 Ka=4.245+0.006 A, andc=10.42-0.01 A, withR where f;(Q) is the magnetic form factor of the €e

= 0, = 0, — 0,
{lz\i/(i:ttr?if eijosrmer?tfl?e/zor’roernosali‘slc/g’rnislr:ad ;??greigem 'Wasion,11 r; is the position of the magnetic ions in the unit cell of
found between the structural parameters at 1.25 and 10 gverage magnetic momef;), andp is a numerical con-

. : ) tant equal to 2.7 fm. For a crystallographic structure with
The difference bgtwgen the two dlﬁra}ctlon pattt_arns_at 10'an etragonal symmetry the orientation of the axis of the spiral
1.25 K, shown in Fig. 2, reveals six magnetic diffraction

to thec axis ¢, can be determined using

TABLE I. The structural parameters of CeCuza 10 K refined (L2 L2\ k2 %2 P
from the neutron powder diffraction spectrum at 10 K assuming the <C052 m={z(h*+k%a sir? ptc cos ¢rd”,

I4mm space group. Estimated standard deviations of the fit ¢y herea* andc* are the reciprocal lattice vectors, adds
given in parentheses. the d-spacing of thd h k I] Bragg reflectior® The compari-

. son between the calculated and integrated intensities assum-
Atom Site x/a yla Za B (A2 ; ) ) . N
ing a simple spiral arrangement of the magnetic moments is
Ce 2a 0 0 0 1.22) shown in Table Il. The best-fit produces a value of 1.24
Cu 2a 0 0 0.61296) 0.91) +0.02ug for the magnitude of the magnetic moment at 1.25
Gal) 2a 0 0 0.38716) 0.7(0) K, and an orientation of the spiral axis to theaxis of 35°
Ga?2) 4b 0 1 3 1.52) +2°, close to the body diagonal of the crystallographic struc-

ture (=30°).



57 BRIEF REPORTS 7421

TABLE Il. A comparison of the calculated and observed values 10000
of the integrated intensitiel.y, and | o, (in barns per C¥ ion), B
and the calculated and observed positions of the magnetic diffrac- w 8000
tion peaksf ., and s, Of polycrystalline CeCuGa The (110) = \
peak was too weak to be observed, while the (0Q4) =
(—112)", and (110) are masked by the strorf§04) and(112 g 6000
nuclear Bragg peaks. g i
= 40004
(h k |) aobs Hcalc |obs |calc 8 \-
(002)" 14.42 14.55 0.153 0.157 z 2000
(101)” 16.16 16.13 0.252 0.253
(110) 20.25 0.06 0 x
(101)* 21.60 21.84 0.19 0.22 2.0
(112)” 24.74 24.95 0.20 0.17 &
+ ]
(1-10) M s
(103) 26.12 26.09 0.25 0.19 il
(103)" 30.10 30.31 0.18 0.13 e .
E 1.0 Y
S’ .
B. Single-crystal neutron diffraction E‘wo 5 ¥
A typical neutron-diffraction scan performed on the single QE . \_\
crystal of CeCuGain the[h h[]-plane of reciprocal space, ‘
using an incident wavelengthof 2.352 A, is shown in Fig. 0.0 l T l T T
3. At 2 K the scan along thgh h0] direction around the 1 2 3 4 5 6
(110 Bragg peak shows four incommensurate satellite T (K)

peaks. Each pair of satellite peaks can be indexed using ei-
ther the propagation vectork;=(0.176,0.176,0), oKk,
=(0.137,0.137,0). The set of peaks describedkhyare
obviously the same as those describedkhyfor the poly-
crystalline sample, which are caused by long-range magnet
order. Figure 4 shows a temperature scan of the (112)

magnetic Bragg peak that indicates the onset of magnetiﬁé\n : .
. N gth of approximately 310 A. These satellites do not show
ordering to be around 4 K, although this is different to thethe drop in intensity with increasingQ| as expected for

1.9 K observed for the peak position of the ac susceptibiIitymagnetic diffraction peaks, because of the magnetic form

signaf .it agrees well with the _specific-heat measur_eme_nt§actorf_(Q) if these peaks were the result of magnetic or-
shown in the lower part of this figure. The extra contrlbutlonderin Jof tﬁe Cu ions above 300 K. Al this leads us to
observed in the specific heat at lower temperatures is prob- 9 '

ablv the result of a Schottkv anomaly caused by splitting ofSSUMe that these peaks are caused by a structural modula-
y y an y caused by Spiting Ok; 1 of the crystal structure, which is short ranged, leading to
the ground state by the crystalline electric field.

The set of satellites described ky remain unchanged in an intrinsic width for these structural peaks.
intensity and position between 1.9 and 300 K, the tempera-
ture range over which scans were recorded. In contrast to the IV. DISCUSSION
width of the magnetic and commensurate nuclear Bragg

: T Neutron-diffraction measurements presented in this paper,
peaks, which are resolution limited, the peaks represented br¥ave confirmed the presence of long-range incommensurate

magnetic order in CeCuGaThe results indicate that the
most likely structure adopted by the magnetic moments is a
simple helical arrangement, with a magnetic moment of
magnitude 1.245+0.02up at 1.25 K, and a propagation
vector of(0.176, 0.176, D This propagation vector does not
vary over the temperature range of this study. Although the
bulk and transport properties of CeCuGseem to indicate
the Kondo effect may be responsible for at least part of the
reduction of the ordered moment when compared to the free
Ce*" moment (2.5Lg) it is possible that this discrepancy is
caused by crystalline electric-field splitting of the- 3 mul-
tiplet. Only by determining the crystal-field parameters can
the exact cause of the reduced moment in the ordered state
FIG. 3. A Q scan performed on a single crystal of CeCyGa be found.
along the[ h h0] direction around thél 1 0) Bragg peak. Two sets An additional set of incommensurate satellites have been
of incommensurate Bragg peaks can be observed at 1.9 K. observed with an incommensurate wave vector of

FIG. 4. A low-temperature scan of the (1 I 2nagnetic Bragg
peak, and the low-temperature specific heat of CeGu&aen from
Ref. 5.

'I?z are not. These peaks have a half width at half maximum
of 0.043+0.002 A", which corresponds to a correlation

250——————————————

Neutron counts
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(0.136, 0.136, D This initial study indicates that they are the The existence of the structural modulation lowers the local
result of a short-range structural modulation. There are mangrystal symmetry, and may well split tHe-3) ground-state
types of modulated structure that can cause these incommedeublet(expected for a Ce ion in tetragonal symmetoyo-
surate satellites, see for instartéén this case it appears that ducing a Schottky anomaly in the specific heat. This may be
these peaks are caused by a displacive modulation of th@e cause of the broadened transition near the ordering tem-
atomic position, and/or a modulation of composition orperature already observédyhich would require a splitting
atomic occupation probability. The occurrence of a displauf approximately 0.2 meV between the ground state and first
cive modulation indicates the tendency towards a structuradycited state. Experiments are also planned to investigate if
phase transition, which has been observed for CelNiGa any coupling between the magnetic ordering and the struc-
where there is a transformation from a tetragonal structure ifyral modulation occurs, as they both have the same direc-
the as-cast sample to an orthorhombic structure on annealifgnal dependence.

at 900 °C. This structural transformation significantly broad-

ens the magnetic transition at the ordering temperature as

observed in measurements of specific Hefitthe moment a ACKNOWLEDGMENTS
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