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Structure and magnetism in CeP%., ,
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Neutron diffraction results for Cept, alloys with 0<x=<1, combined with low resolution room tempera-
ture x-ray diffraction and electron microscopy, confirm that the alloys are single phase. The data can be fit for
all x with nearly equal agreement factors by structural refinements in eithe€16e(MgCuy,) phase or the
C15b (AuBes) structure. Observation of small peaks in the diffraction pattern for Bt are forbidden in
C15 suggest tha€15b is the correct structure for this compositiéend possibly for the other alloy compo-
sitiong; and application of Hamilton’s test indicates that &5b structure is preferred over th@l5 to the
95% confidence level. Magnetic susceptibility and specific heat measurements indicate that the cerium is
essentially localized and trivalent for al The antiferromagnetism observed for Cefay be absent in the
alloys, which behave as typical nonmagnetic cerium heavy fermion compounds with Kondo tempEgature
~2 K. [S0163-18207)04225-2

CeP$ is a cubic compound that grows in thél5 constants(Table ) decreasing linearly by about 1% with
(MgCuw,) Laves phasé.It orders antiferromagnetically at increasingx. There was no evidence of Pt segregation. Mi-
Ty=1.6 K and the specific heat and susceptibility are adlor impurity peaks indicated the presence of a small
expected for localized trivalent cerium, where the5/2  (<5%) amount of a second phase; these peaks did not cor-
moment is split by a cubic crystal fiefdBased on low reso- féspond to any known Ce/Pt compound or oxide. The
lution x-ray measurements and metallograptivhas been ~Samples were examined using an ISI SR-50A scanning elec-
reported that CeRhas an extraordinarily large homogeneity /o1 Microscope; an image of Cglt a magnification of 300

; - is shown in Fig. 1. Large facets of linear dimensions
range, i.e., the alloys CeRt, grow in theC15 structure for - : .
0=<x=<1. Recently it has been reporfethat ultrathin films ig?nﬂ |r2 s'gflcc,?rfgrtC;Lézeofszwoplec;cvéiltlr;%ffﬁg'?ggétgor
of CeP},, crystallize via solid state diffusion of Ce on the P y

) S were somewhat smaller. The stoichiometry inside art
PI111) surface; the measured stoichiometry was GgPt focal area within different facets was measured with an HNU

Phptoemission_exper_iments performed4 on thesg film_s gavenoo system via energy dispersive x-ray analyEBX) us-
e\{ldence for dispersion of thef4leyels. Such dlspersmn ing the Ce and Pt fluorescentx-ray lines excited by 20 keV
might be expected for strongly mixed-valent cerium com-glectrons. The stoichiometry measured in this fashion is un-
pounds and Ce @ core-level (XPS) in both the ultrathin  ¢grtain by 10%; nevertheless, the resulf@ble ) are in
films® and in bulk samplésof CePy give evidence for mixed good overall agreement with the expected stoichiometries.
valence. As further background to these studies of the crys- For the neutron diffraction studieS g samples were pow-
talline films, we have undertaken a new study of bulkdered and annealed at 770 K for 12 h. These were loaded in
samples of CeRt, alloys. One purpose is to better deter- V tubes, and mounted on the General Purpose Powder Dif-
mine the structure by performing Rietveld refinement usingractometer(GPPD at the Intense Pulsed Neutron Source
neutron diffraction data. A second purpose is to determinélPNS) at Argonne National Laboratory. The samples were
whether the susceptibility and specific heat measuremengpoled by a closed-cycle helium refrigerator; the temperature
give any evidence that thef4electron is strongly mixed was held at 13 K. Data were collected in the0°, =90°,
valent in the alloys fox+ 0, which might help explain the and =150° detector banks. Representative data for CePt
photoemission results. and CePf are shown in Fig. 2.

The samples were manufactured by arc melting, using We refined the structure of CeRf using the GSAS
high purity Pt and Ce obtained from Johnson Matthey andsoftwaré for Rietveld refinement, for two cases: the disor-
the Ames Laboratory, respectively. Samples were annealederedC15 structurgspace grouf-d-3m) where the extra Pt
for periods of 16—40 h at either 1200 or 1370 K. Low reso-should alloy(randomly onto all Ce sites, and the disordered
lution room temperature x-ray diffraction data were collectedC150 (AuBes) structure £-43m). The latter is observed in
using a Rigaku Miniflex system. The results were in goodcompounds such as YbInguwhere the Cu resides on the
agreement with the older workin particular, all diffraction  usual Cu sites of the MgGustructure while the Yb and In
peaks could be indexed using tBd5 structure, with lattice separate onto th@,0,0 and (1/4, 1/4, 1/4) Mg sites. Itis a
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TABLE I. The stoichiometriegPt/Ce ratig measured by EDX*: powder samplesthe room tempera-
ture lattice constantay(300 K) measured by low resolution x-ray diffraction, and the parameters of the fits
to the neutron data for Rietveld refinements on the C15 and C15b strulattéece constants(13 K),
isotropic displacement parametéig, on the C€1) (0,0,0 and Cé2) (1/4, 1/4, 1/4) sites and on the Pt sites,
and the reducegr, and R values. The left-hand column gives the stoichiometry based on the starting
compositions prior to melting. Typical uncertainties ar®.2—0.3 for the EDX stoichiometry+ 0.007 for
a,(300 K), =0.0002 foray(13 K), and*+0.01 for 100 U, .

EDX ay(300K)  ap(13K) 100" Ui, (A2) Rup
(PUCe &) ) Cel)  Ce?) Pt Xeg (%)
CeP$ oo 1.7 7.745
C15: 7.7172 0.40 0.40 0.27 2.22 6.86
CeP} »; 2.1 7.734
CePb 2
C15: 7.6974 1.70 1.70 0.36 1.99 6.99
C15b: 7.6975 0.38 3.85 0.39 1.93 6.89
CeP} < 2.5 7.706
C15: 7.6708 2.36 2.36 0.40 2.41 6.50
C15b: 7.6709 1.01 4.01 0.40 2.38 6.47
CeP% oo 2.9, 3.7 7.673
C15: 7.6380 3.52 3.52 0.31 2.43 7.65
C15b: 7.6380 4.42 3.01 0.31 2.42 7.63

plausible alternative for Cept,, where there is an appre- For CeP4, the R values are somewhat larger and the devia-
ciable size difference between Ce and Pt at¢fos radii of  tions are visibly largefFig. 2b)]. For x<0.5 there is no

1.82 and 1.39 A, respectivelyFor this case we assume that evidence in the data for second phases, but for Lamall

all the (0,0,0 sites are fully occupied by Ce and that the impurity peaks near 2.125 and 2.329 A are present in the
remaining Ce and the extra Pt alloy randomly onto thegata; these cannot be assigned to known structures such as Pt
(1/4,1/4, 1/4) sites. _ _ or CePj (the impurity phases expected based on the equilib-

We constrained the site occupancies to give the expecteg,m phase diagram The diffraction lines do not broaden

stoichiometry; in addition to the lattice parameters and iso'noticeably in the alloys; as a confirmation, we found that the

tropic dlsplacer_nent parameters, we refined terms for thgtrain—related parameter; of the profile coefficients did not
sample absorption, extinction and background as well as th\c;

strain-related term in the profile coefficients. The results are ary significantly withx. The lattice parameter shows the

0, i i -
gen n Table 1, an s o e data for Cas Cemgare (07 11 11" cresse mmares o 00 L 0 er
shown in Fig. 2. For alk>0 the calculated diffraction pat- P P )

tern for the C15b structure is very similar to that for the tropic displacemept p.argmeter for the Pt site i's quite typical,
C15 structure on the scale of these plots. Both structures fRUt for the Ce site it increases from a_typlcal value for

the data very well, with respectable values for Badactors CeP4 to very large values for the alloys. Since the data were
and reducedy? for all x. The deviations from the fit fox collected at 13 K, this represents groundstate displacement,

<0.5 are very similar to that shown in Fig(a? for CeP$. Ir.:r;’dsglaﬁg% ()tzceugglsr;gogemiaedsa?erg l()j;sg/ar‘r(]:;detsrgghtly and

While the fits are respectable for either case, the agree-
ment factors are slightly smaller for tl&&15b structure. Cer-
tain reflectiongviz. the (4,2,0 and (6,0,0] which are for-
bidden in theC15 structure are allowed in th€15b.
Unfortunately the predicted intensity in these peaks is small.
Nevertheless, the inset in Fig(l® shows a small peak at
1.710 A, of the correct magnitude for tlt4,2,0 reflection
and similarly a slightly larger peak at 1.274 A as expected
for the (6,0,0 reflection appears as a shoulder to the more
intense(5,3,) peak at 1.293 A. Although the scatter in the
data and the existence of the small unassigned impurity
peaks reduces the certainty of this assignment, the existence
of these peaks suggests that GeRind possibly the other
alloys as well form in the disorderedC15b structure. To
corroborate this assignment we applied Hamilton’s test. We

FIG. 1. Scanning electron microscope image of GelPa mag-  refined the structure in th@15b space group with the Pt site
nification of 300. The electron energy was 20 keV. constrained to (5/8, 5/8, 5/8) and with the isotropic displace-
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FIG. 3. The susceptibility, plotted aslis temperature, of

. CeP$ and CePt, , alloys forx=0.21, 0.50, and 1.00. Successive

curves for increasing alloy concentration are offset by 100

mole/emu. The solid line represents the prediction fod=a5/2

. ) . moment split byA =300 K in a cubic crystal field. The alloys have

0.5 1.0 1.5 2.0 25 very similar susceptibilities to that of CePtindicating that the
d-spacing (A) cerium is essentially trivalent.

0.0

FIG. 2. Neutron diffraction data fofa) CePt and(b) CePg at  fields. In the earlier work the susceptibility below 100 K
T=13K. The + marks are the observed profildatg; the line  could be fit assuming a crystal-field, ground-state doublet
through the data is the calculated profile for @5 structure ina) separated byA =215 K from the excited’g quartet. For our
and for theC15b structure in(b). For the parameters of the refine- data a somewhat larger valud € 300) K yields a reason-
ment, see Table I. The lower curves in each case represent thgble fit (Fig. 3). The susceptibility of the Cept, alloys is
difference between the observed and calculated profiles. The insgi504 |arger at 20 K and 10% smaller at 350 K than that of
shows a blow up of the region near 2,0 reflection at 1.709 A; CePs, but otherwise is very similar. These changes could
this peak is forbidden in th€15 structure, but has a very small arise from a distribution of crystal-field splittings induced by
expected .amplltude in th€15b structure, as shown by the galcu- the disorder in the Ce environment. In any case, the suscep-
Iatt_ed profile. These_data are_from the 60° detector bank with averﬁbility of the alloys is very similar to that of CeRtand very
aging gver three dagjacent .po'.nts'hAn exam;:;lle lofﬂtr;‘e ejtlmdated € %Yifferent from the small £0.001 emu/mole Ce) and weakly
In each averaged data point is shown on the left-hand side. temperature dependent susceptibility expected for a strongly

mixed valent compound. This suggests that the cerium re-
ment factor for the “Ce” site constrained to 0.004F Ain mains essentially trivalent in the alloys.
keeping with the value for CeRtand that for the Pt site The specific heat for the alloys for 1.2—20 K, measured
constrained to 0.0035% the average for Cept, (see using a thermal relaxation technique, is shown in Fig. 4.
Table ). Under these constraints the two mod@isordered  Below 10 K our data reproduce the earlier woflar CePj
C15 and disordere@15b) differ in only one degree of free- reasonably well: a peak &ty=1.6 K reflects the onset of
dom. The agreement factoRy,, for the two cases were 8.77 antiferromagnetic order and the integrated entropy between 0
and 8.73%, respectively. Although the change in agreemer@nd 10 K is approximately O®In2, implying that the or-
factors is small, the large number of data points results in aering occurs for d'; ground-state doublet. We have ex-
Hamilton’s R-test that gives a 95% confidence level that thetended the measurement to higher temperat@e<) than
latter structure is preferable. When the “Ce” displacementin the older measuremelii® K). Above 10 K the specific
parameter is constrained to a value 0.035c8nsistent with  heat increases primarily due to thermal population of
the larger values observed for CgPtable I), the values of phonons; the phonon contribution, estimated from the coef-
Rup decrease and the HamiltdR-test gives an even higher ficient of the T term observed between 4 &8 K in the
confidence level for th€15b structure with preferential Pt earlier measuremenof LaPt, is shown as a solid line in
occupancy on one of the Ce sites. Fig. 4(@). The difference between the measured specific heat

The susceptibility was measured for temperatures in thend this estimate of the phonon contribution is 2.6 J/mole K
range 1.8—350 K using a Quantum Design SQU#Dper- at T=20K; if the I';/I'g crystal-field splitting wereA
conducting quantum interference deyicenagnetometer; =100 K, the Schottky contribution would have this magni-
typical results are shown in Fig. 3. The susceptibility oftude at 20 K. This value ofA is qualitative, depending in
CeP4 reproduces the earlier wdtkery well. It has a form  detail on the magnitude of the phonon term and of the high-
characteristic of the susceptibility of other antiferromagneticcemperature tail of the peak &}, . If the latter is significant
trivalent cerium compounds that are subject to cubic crystaht 20 K, the value ofA required to fit the data would have to
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FIG. 4. The coefficient of specific he&(T)/T plotted versus
the square of the temperature for CeRteP} 5, and CePt The

order can also affect the phonon spectrum which may ac-
count for the rest of the increase. Bel@ K the alloys do
not exhibit the large peak seen in the specific heat of
CeP3%, but exhibit a smaller and broader maximuyrig.
4(b)]. This could mean that the phase transition is subject to
substantial inhomogeneity broadening, or that there is no
well defined phase transition in the alloys. The specific heat
of the alloys is reminiscent of that observed in heavy fermion
compounds; it is similar to, though 50% larger than, the spe-
cific heat expectétfor a set of uncorrelate8= 1/2 (I'; dou-

blet) Kondo impurities with a Kondo temperature 1.5 Kig.
4(b)]. The additional specific heat beyond that expected for
the Kondo impurity can be attributed to magnetic correla-
tions in the nonmagnetic heavy fermion ground stdteany
case, the behavior is very different from that expected for a
mixed-valent compound, where a much smaller50—100
mJ/mole Ce R) linear coefficient of specific heat is ex-
pected.

In conclusion, we have confirmed that the CeRtalloys
have a broad homogeneity range®<1. Structural refine-
ments with the neutron diffraction data for CgBtiggest a
preference for the disordered15b structure over theC15
structure with a 95% confidence level. This is corroborated
by the existence of small peaks in the diffraction pattern for
CePt corresponding t¢4,2,0 and(6,0,0 reflections that are
forbidden for theC15 structure but allowed for th€15b
structure. Both imply tha€15b is probably the correct struc-
ture for this alloy composition, and possibly for the others as
well. The susceptibility and specific heat of the alloys are
very similar to that of CeBt suggesting that the cerium re-
mains trivalent and localized; they are typical of nonmag-

solid line represents the expected phonon term, taken as equal to thetic heavy fermion compounds with a small characteristic

T2 term measuredn the interval 4—8 K for LaRt (b) The specific
heat versus temperature for £Z<5 K. The sharp peak, due to
antiferromagnetic order, observed for CeRt not present for the
alloys; the broadened peaks are similar to the predidBoiid line,
from Ref. 8 of the S=1/2 Kondo model with Kondo temperature
Tk=15K.

energy (2 K) where the magnetic correlations increase the
specific heat somewhat beyond the single ion limit. They are
clearly not strongly mixed valent, and hence the photoemis-
sion result$ cannot be easily explained within the frame-
work of the conventional Kondo lattice theory. The observa-
tion of strong mixed valence in Ced3core-level XPS
studie$ of CePt remains a mystery.

be larger; in any case it is in order-of-magnitude agreement

with the value(200—300 K obtained from the susceptibility.
The specific heat of the CeRt, alloys is very similar to
that of CeP{in the interval 2-5 K. Abog 5 K the specific
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