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structure corresponds to a ferromagnetic coupling in the
For the ternary intermetallic compound NdPd2Al3 systematic magnetically easy ab plane and an antiferromagnetic stack-

measurements by means of X-ray diffraction, dc susceptibility, ing along the magnetically hard c axis with a magnetic
and specific heat on a series of polycrystalline and single-crys- propagation vector k 5 [0, 0, 1/2]. For UPd2Al3 supercon-
talline samples reveal a significant dependence of physical and ducting and magnetic properties depend on sample prepa-
magnetic properties on sample preparation procedures. The ration. Polycrystalline samples are usually prepared by arc-
Néel temperature TN with values between 7.7 K and 5.2 K melting stoichiometric amounts of the constituents, and
shows a linear dependence on the hexagonal lattice constant

single-crystalline samples are then obtained by the Czoch-a, which is not valid for c. The best NdPd2Al3 sample was
ralsky pulling method. Sato et al. (10, 11) observed thatinvestigated by high-resolution powder neutron diffraction: The
single-crystalline UPd2Al3 has a lower superconductingcrystal structure agrees well with the ordered hexagonal
transition temperature Tc and a higher residual electricalPrNi2Al3-type structure. The antiferromagnetic structure cor-
resisitivity than polycrystalline UPd2Al3 . This effect, whichresponds to a propagation vector k 5 [1/2, 0, 0]. The ordered

magnetic Nd moments of (2.28 6 0.07) eB at saturation lie in can be ascribed to the evaporation of aluminum during
the basal plane due to the crystal–electric field anisotropy the process of sample preparation, can be partly compen-
and are oriented perpendicular to the propagation vector. Mag- sated by varying the composition of the starting material.
netic properties of NdPd2Al3 are compared with those of iso- For an UPd2Al3.03 single crystal, prepared by using 1%
structural compounds including the heavy-fermion supercon- excess aluminium, the residual electrical resistivity (11)
ductor UPd2Al3 and the heavy-fermion antiferromagnetic

was reduced from the higher value of the UPd2Al3 singleCePd2Al3 .  1996 Academic Press
crystal down to the lowest value of polycrystalline UPd2Al3

samples. Furthermore, the transition width DTc of single-
crystalline UPd2Al3.03 was substantially smaller than that1. INTRODUCTION
of single-crystalline UPd2Al3 . The PrNi2Al3-type crystal
structure is completely ordered, so that within this spaceDiscovery of the heavy-fermion superconductor UPd2

group, there is no possibility of interchange of U and PdAl3 (1) (c 5 150 mJ K22 mol21, Tc 5 2 K, TN 5 14 K), in
atoms, nor any position for extra Al atoms. X-ray diffrac-which superconductivity coexists with a large antiferro-
tion measurements (12) of single crystals prepared withmagnetically ordered uranium moment of 0.85 eB (2), has
starting U:Pd:Al compositions of 1:2:3.03 and 1:2:3.06 re-stimulated the exploration of magnetic properties of re-
vealed no evidence for a deviation from PrNi2Al3-typelated isostructural lanthanide compounds REPd2Al3 . The

compound with RE 5 Ce (3–6) has been studied in detail, long-range ordering in this material. The refinement, which
whereas only limited information is available so far con- was not sensitive to the Al stoichiometry (610%), excluded
cerning RE 5 Pr (7), Nd (7), Sm (7, 8), and Gd (9). any appreciable exchange between U and Pd atoms. More

UPd2Al3 adopts the hexagonal PrNi2Al3-type crystal sensitive synchrotron X-ray back-reflection Laue photo-
structure shown in Fig. 1 with room temperature lattice graphs (12) obtained on the same samples presented evi-
parameters a 5 5.365 Å and c 5 4.186 Å. This crystal dence for some short-range disorder (either interstitial Al
structure consists of layers of U and Pd atoms, alternating atoms or defects in the Al layer) in the direction parallel
along the c direction with layers of pure Al. The magnetic to the hexagonal c axis. Concerning the second-order anti-

ferromagnetic phase transition, the sample dependence of
the Néel temperature TN 5 14.3 K is weak; however, for1 Present address: Institut Laue-Langevin, BP136, F-38042 Grenoble,

France. UPd2Al3 single crystals, a small anomaly in the order pa-
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with those of isostructural compounds including the heavy-
fermion superconductor UPd2Al3 and the heavy-fermion
antiferromagnet CePd2Al3 .

2. EXPERIMENTAL

Polycrystalline (PC) samples were synthesized by arc-
melting the pure elements (Nd:3N, Pd:4N, Al:5N) with two
different starting Nd:Pd:Al compositions of 1:2:3 (stoichio-
metric) and 1:2:3.03 (aluminum-rich) in an argon atmo-

FIG. 1. PrNi2Al3-type crystal structure. Hexagonal space group
sphere under continuous titanium gettering. The samplesP6/mmm with sites (1a) occupied by Pr, (2c) by Ni, and (3g) by Al.
were melted several times by turning over each time until
a homogeneous button was formed. The average weight
loss during melting was 0.13 and 0.17% for stoichiometric

rameter near 12 K, which indicates an additional first- and aluminum-rich NdPd2Al3 samples, respectively. Sin-
order phase transition, has been observed by magnetic gle-crystal (SC) samples were then prepared from a melt
susceptibility (13), resonant magnetic X-ray scattering (14), of an aluminum-rich sample in the same triarc furnace
and neutron diffraction (15). For polycrystalline UPd2Al3 by the Czochralsky pulling method. Some samples were
samples neutron diffraction experiments (2, 16) revealed annealed at 9008C for 120 h in high vacuum. Starting com-
enormously large preferred orientation effects and the evo- positions and heat treatment conditions of five selected
lution of a second incommensurate magnetic phase with NdPd2Al3 samples (PC1, PC1a, PC2, SC2, SC2a) are given
a propagation vector k2 P [0, 0, 0.52] for increasing temper- in Table 1. It should be noted that starting compositions
ature. are nominal compositions at the beginning of the material

The nonsuperconducting cerium homolog CePd2Al3 production. The compositions of the final NdPd2Al3 sam-
may be characterized (3, 17) as a heavy-fermion antiferro- ples, which were not determined, are likely to be slightly
magnet (c 5 380 mJ K22 mol21, TN 5 2.8 K), which is changed because of the different vapor pressures of the
located very close to the magnetic-to-nonmagnetic bound- constituents. For example, a hypothetical evaporation of
ary in the Kondo-lattice phase diagram. The occurrence 1% excess aluminum in an aluminum-rich sample gives rise
of magnetic ordering critically depends on the exact occu- to a weight reduction of 0.18%, which is comparable to
pation and distribution of aluminum atoms over their avail- the experimentally observed weight loss.
able lattice sites (5). For well-prepared polycrystalline ma- Room temperature lattice parameters of the NdPd2Al3

terial of CePd2Al3 , characterized by small lattice constants, samples were determined by the X-ray whole-pattern de-
long-range antiferromagnetic ordering with a cerium mo- composition method (18). As internal standard, com-
ment of 0.47(2) eB at saturation (4) appears below TN 5 mercially available high-purity silicon powder (a 5
2.8 K. Further polycrystalline CePd2Al3 samples prepared 5.430940(35) Å at 298.1 K; Standard Reference Material
by a splat cooling technique (17) as well as single-crystalline No. 640b, National Bureau of Standards, Gaithersburg,
CePd2Al3 samples (5) show a higher degree of structural MD) was used. The magnetic dc susceptibility x ; M/H
disorder, and no long-range magnetic ordering is observed of powdered pieces of the NdPd2Al3 samples was measured
in the measured temperature range down to 1.8 and 0.4
K, respectively.

In this paper we address the investigation of magnetic
TABLE 1

properties of the metallic Kramer’s doublet system Characterization of Selected NdPd2Al3 Samplesa

NdPd2Al3 , which is a stable 4f moment analog of
CePd2Al3 . A series of selected polycrystalline and single- Starting

composition Heatcrystalline NdPd2Al3 samples, prepared with two different
Sample Nd:Pd:Al treatment a (Å) c (Å) TN (K)starting compositions, have been systematically investi-

gated by measurements of X-ray diffraction, dc susceptibil- 9008C/120 hPC1 1:2:3 5.4419 (1) 4.2069 (1) 7.7 (1)
ity, and specific heat to establish the correlations between PC1a 1:2:3 As cast 5.4432 (1) 4.2092 (1) 6.5 (2)
sample preparation procedure, crystal perfection (room PC2 1:2:3.03 9008C/120 h 5.4426 (1) 4.2078 (1) 7.2 (1)

SC2 1:2:3.03 9008C/120 h 5.4449 (1) 4.2094 (1) 5.3 (2)temperature lattice parameters), and magnetic properties
SC2a 1:2:3.03 As grown 5.4451 (1) 4.2093 (1) 5.2 (2)(Néel temperature). Crystal and antiferromagnetic struc-

tures of NdPd2Al3 were refined from high-resolution pow- a a, c, Room temperature lattice parameters; TN , average Néel tempera-
der neutron diffraction data obtained on the best NdPd2Al3 ture corresponding to the maximum of the anomaly of the magnetic

susceptibility (see Fig. 2a).sample. Magnetic properties of NdPd2Al3 are compared
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down to 1.8 K in an external field of 0.1 T by using a
SQUID magnetometer (Quantum design). Specific heat
experiments were performed for samples PC1 and PC1a
between 1.5 and 25 K by an adiabatic heat pulse method.

A large amount (18 g) of the best NdPd2Al3 sample
(PC1) was investigated on the high-resolution neutron
powder diffractometer (HRPD) (19, 20) with 64 detectors
at Brookhaven National Laboratory, Upton, New York.
The sample was filled under a helium gas atmosphere into
a cylindrical vanadium container of 10 mm diameter and
mounted in a standard 4He ILL-type cryostat. The neutron
wavelength l 5 (1.886 6 0.001) Å was obtained from a
vertically focused germanium (511) wafer monochromator.
Diffraction data were collected with a primary collimation
of 11 min in the paramagnetic state at 14 K and in the
magnetically ordered state at 1.5 K. In this configuration
the HRPD spectrometer attains a high resolution of
Dd/d 5 9.7 3 1024 near the take-off angle 2u 5 1208,
where d is the interplanar lattice spacing. The temperature
dependence of the magnetic structure of the same PC1
sample was investigated in an additional neutron diffrac-
tion experiment at Institute Laue Langevin, Grenoble,
France. The triple-axis spectrometer IN3 was operated in
the two-axis mode by using a neutron wavelength l 5 2.36
Å, a 92 mm pyrolythic graphite filter, and collimations of
40 min/30 min in front of and behind the sample.

3. RESULTS AND DISCUSSION

3.1. Sample Dependence of Magnetic Properties FIG. 2. Temperature dependence of (a) magnetic susceptibility x
and (b) specific heat Cp for selected NdPd2Al3 samples below 24 K.

The X-ray diffraction patterns of all five NdPd2Al3 sam- Specific heat data of the nonmagnetic reference system LaPd2Al3 are
ples can be completely indexed with the hexagonal taken from Ref. (8).
PrNi2Al3-type structure, and traces of possible impurity
phases are limited to well below 1% of the observed total
Bragg intensities. The refined room temperature lattice

that the magnetic phase transition corresponds to a distri-
parameters, listed in Table 1, show a significant sample

bution of different transition temperatures within the sam-
dependence with differences of up to 0.0032(2) Å for a

ple. The smaller the values for the lattice parameters, the
and 0.0025(2) Å for c.

higher is the degree of structural perfection with respect
The magnetic susceptibility x of NdPd2Al3 is reported

to the ideal PrNi2Al3-type lattice. Effects of site disorder
(7) to follow a Curie–Weiss law at high temperatures (100

and/or vacancies affect the magnetic exchange interactions
K , T , 300 K) with an effective magnetic moment

in NdPd2Al3 and shift the onset of long-range magnetic
eeff 5 3.6 eB , which is close to the free ion value of 3.62

order to lower temperatures. Plots of the room tempera-
eB for the 4I9/2 ground state J multiplet of Nd31 ions. Figure

ture lattice parameters a and c versus the Néel temperature
2a shows the low-temperature part (T , 24 K) of x for

TN are displayed in Fig. 3. For NdPd2Al3 we find that the
powdered pieces of the five NdPd2Al3 samples. The maxi-

Néel temperature shows a linear dependence on the lattice
mum in x, which appears at the antiferromagnetic phase

parameter a, which is not valid for c. This means that
transition, shows again an essential sample dependence

magnetism in NdPd2Al3 is dominated by exchange interac-
with average Néel temperatures TN between 7.7 and 5.2

tions inside the hexagonal ab plane.
K. NdPd2Al3 samples with a higher value for TN (PC1, PC2)

For NdPd2Al3 the correlations between sample prepara-
have smaller lattice parameters, and the sharp maximum in

tion procedure and sample quality (defined as structural
the susceptibility (see Fig. 2a) indicates that the magnetic

perfection) may be summarized as follows:
phase transition is well defined in the sample. NdPd2Al3

samples with a lower value for TN (SC2, SC2a) have larger 1. PC samples have generally higher quality than SC
samples.lattice parameters and the broad maximum of x reveals
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Figure 2b shows the specific heat below 24 K for
NdPd2Al3 samples PC1 (annealed) and PC1a (as cast). The
shape of the specific heat anomaly at the magnetic phase
transition is dramatically altered between the two materi-
als. For the PC1 sample the almost l-type Cp anomaly is
close to what one expects for a high-quality substance with
a second-order phase transition at TN 5 7.7 K, whereas
the Cp anomaly of the lower-quality sample PC1a appears
with a reduced height and a broadened width. The mag-
netic part of the specific heat, Cmag , was determined from
the difference in specific heats of NdPd2Al3 and of the
nonmagnetic reference system LaPd2Al3 . Figure 4 shows
the temperature dependence of Cmag/T and of the magnetic
entropy Smag/R, obtained by integrating Cmag/T, for the
two samples PC1 and PC1a. The tenfold degenerate
ground-state J multiplet 4I9/2 of the magnetic Nd31 ion is
split by the crystalline electric field (CEF) interaction of
hexagonal symmetry into five doublets (G7 , G(1)

8 , G(2)
8 , G(1)

9 ,
G(2)

9 ). For both samples the magnetic entropy Smag reaches
the value R ? ln 2 (of the CEF ground-state doublet) below
the respective Néel temperatures and the value R ? ln 4 (of
two CEF doublets) below 20 K. Thus, in NdPd2Al3 the
energy separation of the two lowest-lying CEF doublets is
comparable to the Néel temperature. This was confirmed
in an inelastic neutron scattering experiment (21), which
yielded a CEF level sequence of G7 R G(1)

9 R G(1)
8 R

G(2)
8 R G(2)

9 for increasing energy transfer and a G7 R G(1)
9

transition of 10 K.

FIG. 3. Room temperature lattice parameters a and c versus Néel
3.2. Determination of Antiferromagnetic Structuretemperature TN for different NdPd2Al3 samples.

The HRPD powder neutron diffraction pattern of
NdPd2Al3 (sample PC1) in its paramagnetic state at 14 K
is shown in Fig. 5a. The observed intensity distribution2. Annealing a PC sample produces an essential im-

provement in quality.
3. Annealing a SC sample leads to a small improvement

in quality.
4. The quality of the PC1 sample (prepared with a stoi-

chiometric starting composition) is slightly higher than that
for the PC2 sample (prepared with a nonstoichiometric
starting composition).

During the process of sample preparation the NdPd2Al3

material is exposed for a certain time to evaporation of
mainly aluminum. This time is about 2 min for the higher-
quality PC samples compared with about 6 h for the lower-
quality SC samples. An annealing process does essentially
improve the structural perfection of PC samples, whereas
it cannot compensate anymore for the larger material loss
of SC samples. We mention that the value TN 5 6.5 K of
the polycrystalline NdPd2Al3 sample of Ref. (7), which is
reported to be annealed at 9008C similar to our samples

FIG. 4. Temperature dependence of magnetic part of specific heat
PC1 (TN 5 7.7 K) and PC2 (TN 5 7.2 K), is surprisingly divided by T, Cmag/T, and magnetic entropy Smag/R for selected
low and matches the value TN 5 6.5 K observed for our NdPd2 Al3 samples below 24 K. The contributions to Smag/R below 1.65 K

were estimated as 0.018 (PC1) and 0.044 (PC1a).as-cast sample PC1a.



ANTIFERROMAGNETIC STRUCTURE OF NdPd2Al3 173

FIG. 5. Observed, calculated, and difference HRPD (BNL) neutron diffraction patterns (l 5 1.886 Å) of (a) paramagnetic NdPd2Al3 at 14 K
and (b) magnetically ordered NdPd2Al3 at 1.5 K. The scattering angle region 51.38 , 2u , 52.38 was excluded from the fits because of a weak Bragg
peak from the vanadium sample container. Vertical bars indicate positions of Bragg peaks from crystal and magnetic structures, respectively. (c)
Temperature dependence of the ordered magnetic Nd moment based on the observed neutron intensities of the (1/2, 0, 0) reflection of NdPd2Al3

(see inset).

corresponds to a ternary compound possessing the hexago- strong nuclear Bragg peaks (3, 0, 1) at 2u 5 79.98 and
(2, 2, 2) at 2u 5 111.68 (see Fig. 5a), are caused by thenal PrNi2Al3-type structure [space group P6/mmm with

Nd on the (1a) sites, Pd on the (2c) sites, and Al on the instrumental peak shape of the HRPD spectrometer, be-
cause the detector height (H 5 10 cm) is large compared(3g) sites]. A total of 37 inequivalent nuclear Bragg reflec-

tions in the scattering angle range 88 # 2u # 1378 were with the distance from sample to detector (L 5 99 cm)
(24). Similar effects were observed in the HRPD diffrac-refined by the program FullProf (22), including a fit of the

background represented by a self-adjusting polynomial. tion pattern of a reference sample (cubic CeO2). Based on
the absence of major disagreements between observedThe resulting structural parameters for NdPd2Al3 at 14 K

are given in Table 2. Calculated and observed integrated and calculated integrated peak intensities (see Table 3) the
well-prepared NdPd2Al3 PC1 sample shows no significantneutron intensities are compared in Table 3. The FullProf

refinement, based on the neutron scattering lengths (in deviation from the ideal PrNi2Al3-type crystal structure.
The crystallographic unit cell of NdPd2Al3 contains onlyunits of 10212 cm) of 0.769 (Nd), 0.591 (Pd), and 0.3449

(Al) (23), finally converged to the agreement values one magnetic Nd atom on site (1a) at (0, 0, 0). Concerning
interatomic Nd–Nd distances at 14 K, Nd has two nearestRwp 5 12.5% and RI,N 5 5.39%, concerning weighted and

integrated intensities, respectively. From counting statis- neighbors at 4.20 Å (parallel to the c direction) and 6
second-nearest neighbors at 5.43 Å (inside the ab plane).tics, the expected value was Rexp 5 7.04%, yielding x2 5

(Rwp/Rexp)2 5 3.13. In the difference pattern of Fig. 5a The anisotropy of the thermal expansion of NdPd2Al3 is
small, with the ratio of lattice parameters c/a increasingsmall deviations between observed and calculated peak

positions, which appear in opposite directions for the from 0.773 at room temperature to 0.774 at 14 K.
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TABLE 2 nal to orthorhombic implies a transformation of the hexag-
Parameters of Crystal Structure at 14 K and of Magnetic onal sites

Structure at 1.5 K of NdPd2Al3 (sample PC1), Obtained from Nd (1a) (0, 0, 0) (P6/mmm)
Pd (2c) (1/3, 2/3, 0) (P6/mmm)FullProf Refinements of HRPD (BNL) Neutron Diffraction
Al (3g) (1/2, 0, 1/2) (P6/mmm)Dataa

to the orthorhombic sitesNdPd2Al3: crystal structure of 14 K
Space group: P6/mmm (No. 191) Nd (2a) (0, 0, 0) (Cmmm)
Lattice parameters: a 5 5.427(3) Å, c 5 4.203(2) Å Pd (4g) (x, 0, 0) (Cmmm)
Atom Site x/a y/a z/c B (Å2)

x P 1/3
Nd (1a) 0 0 0 0.13(11) Al (2c) (1/2, 0, 1/2) (Cmmm)
Pd (2c) 1/3 2/3 0 0.38(12) Al (4f ) (1/4, 1/4, 1/2) (Cmmm).
Al (3g) 1/2 0 1/2 0.23(13)

The antiferromagnetic structure of NdPd2Al3 may beNdPd2Al3: magnetic structure at 1.5 K
Propagation vector: k 5 [1/2, 0, 0]
Atom x/a y/a z/c ex (eB) ey (eB) ez (eB)

TABLE 3
Observed and Calculated Integrated Neutron Intensities ofNd 0 0 0 0 2.28(7) 0

Paramagnetic NdPd2Al3 (Sample PC1) at 14 Ka

a The errors given for the lattice parameters include the estimated error
h k l 2u (deg) Icalc Iobs (D)of the neutron wavelength calibration.

1 0 0 23.15 15.0 6.1 (14.0)
0 0 1 25.93 121.2 112.6 (21.8)
1 0 1 35.03 132.7 149.1 (22.1)The HRPD powder neutron diffraction pattern of
1 1 0 40.67 465.2 428.2 (29.3)NdPd2Al3 (sample PC1) recorded at 1.5 K is shown in
2 0 0 47.31 205.9 230.5 (23.2)Fig. 5b. The diffraction pattern contains additional Bragg
1 1 1 48.86 1370.9 1398.4 (44.9)

peaks, which arise from scattering from the ordered mag- 0 0 2 53.31 332.9 350.0 (25.1)
netic moments of Nd ions. Magnetic lines of NdPd2Al3 can 2 0 1 54.73 154.3 147.8 (19.4)

1 0 2 58.87 4.6 10.0 (10.1)all be indexed by the propagation vector k 5 [1/2, 0, 0].
2 1 0 64.12 3.9 4.7 (9.3)The strongest magnetic intensity appears for the peak
1 1 2 69.15 381.2 386.1 (23.3)(1/2, 0, 0) at 2u 5 11.58, whereas no magnetic intensity is 2 1 1 70.37 84.6 94.4 (15.7)

observed for the reflection (1/2, 21, 0) at 2u 5 20.08 (see 3 0 0 74.01 173.4 193.4 (10.7)
Fig. 5b). Crystal and magnetic structures of NdPd2Al3 at 2 0 2 74.01 206.0 229.9 (12.7)

3 0 1 79.93 643.9 660.8 (26.8)1.5 K were simultaneously analyzed by the FullProf pro-
0 0 3 84.59 15.7 19.4 (11.2)gram (22), based on a relativistic magnetic form factor
2 2 0 88.05 489.8 501.5 (22.7)

for Nd31 in dipolar approximation. A refinement of 14 2 1 2 88.05 4.6 4.7 (0.2)
inequivalent nuclear Bragg peaks and 27 inequivalent mag- 1 0 3 89.21 32.7 29.2 (11.6)

3 1 0 92.66 2.1 4.4 (7.1)netic Bragg peaks in the scattering angle range 88 # 2u #
2 2 1 93.82 85.1 99.6 (13.6)798 yielded the best fit (x 2 5 2.57) for the antiferromagnetic
3 0 2 97.30 257.5 268.0 (17.5)structure given in Table 2. Calculated and observed inte- 3 1 1 98.46 61.3 68.1 (2.6)

grated magnetic neutron intensities are compared in Table 1 1 3 98.47 526.2 585.3 (22.1)
2 0 3 103.16 67.6 83.2 (13.0)4. The agreement values of the FullProf fit were Rwp 5
4 0 0 106.74 75.1 77.9 (12.7)11.4%, Rexp 5 7.12%, RI,N 5 4.54% (for integrated nuclear
2 2 2 111.63 849.7 862.6 (28.6)intensities) and RI,M 5 16.3% (for integrated magnetic in-
4 0 1 112.87 65.5 69.8 (13.1)

tensities). 3 1 2 116.68 3.4 3.2 (8.7)
The antiferromagnetic structure of NdPd2Al3 is illus- 2 1 3 117.98 60.6 51.2 (13.8)

3 2 0 121.97 1.7 7.2 (8.8)trated in Fig. 6. The ordered magnetic Nd moments of
0 0 4 127.60 150.8 171.1 (22.1)(2.28 6 0.07) eB at 1.5 K lie in the basal plane and are
3 2 1 129.06 65.8 63.2 (3.7)

oriented perpendicular to the propagation vector k. At the 3 0 3 129.07 539.6 524.8 (30.6)
magnetic phase transition of NdPd2Al3 the symmetry is 4 1 0 133.67 275.1 288.8 (22.4)

4 0 2 133.67 172.3 181.4 (14.1)lowered from hexagonal for the crystal structure (space
1 0 4 133.68 1.8 1.9 (0.1)group P6/mmm, No. 191) to orthorhombic for the magnetic

structure (space group Cmmm, No. 65, with aortho 5 a Estimated standard deviations corresponding to counting statistics
Ï3 ? ahex , bortho 5 bhex , cortho 5 chex). A change in the are given in parentheses. The agreement value RI,N 5 o uIobs 2 Icalc u/o

Iobs results in 5.39%.description of the NdPd2Al3 crystal structure from hexago-
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described either by the hexagonal unit cell (dashed lines
in Fig. 6) and the propagation vector k 5 [1/2, 0, 0] or by
the anticentered orthorhombic magnetic unit cell (marked
by gray color in Fig. 6). A possible orthorhombic distortion
of the NdPd2Al3 crystal structure below TN is too small to
be observed by the resolution of the neutron diffraction ex-
periment.

The temperature dependence of magnetic Bragg peaks
of NdPd2Al3 (sample PC1) was studied in the neutron
powder diffraction experiment on the IN3 spectrometer
(l 5 2.36 Å). The inset of Fig. 5c displays 2u scans through
the strongest magnetic peak (1/2, 0, 0) measured in the
ordered state at 2 K and in the paramagnetic state of 10 K.
The absence of magnetic intensity of the (1/2, 21, 0) re-
flection was confirmed at several temperatures between
1.5 and 14 K. Thus, the direction of the ordered Nd mo-

FIG. 6. Antiferromagnetic Nd moment arrangement of NdPd2Al3 .
ments, as plotted in Fig. 6, is temperature independent The magnetic structure can be described either by the hexagonal unit
below TN , and the sublattice magnetization can be deter- cell (dashed lines) and the propagation vector k or by the anticentered

orthorhombic magnetic unit cell marked by gray color.mined from the square root of the observed magnetic in-
tensity of the (1/2, 0, 0) reflection. The magnetization

curve, shown in Fig. 5c, indicates for the NdPd2Al3 PC1
TABLE 4 sample a second-order phase transition with a Néel temper-

Observed and Calculated Magnetic Integrated Neutron ature TN 5 (7.7 6 0.1) K, in agreement with the anomalies
Intensities of NdPd2Al3 (Sample PC1) at 1.5 Ka of magnetic susceptibility and specific heat (see Fig. 2).

At 1.5 K the magnitude of the ordered Nd moments
h k l 2u (deg) Icalc Iobs (D)

reaches the saturation value e0(Nd) 5 2.28(7) eB , which
is reduced below the free ion value 3.27 eB of Nd31 with1/2 0 0 11.53 259.4 255.2 (32.4)

1/2 21 0 20.03 0.0 0.0 (0.0) 4I9/2 ground state due to crystalline–electric field (CEF)
1/2 0 1 28.48 82.0 103.6 (22.4) effects. For the CEF ground-state doublet G7 5 u61/2l of
1/2 1 0 30.81 39.8 53.2 (18.9) NdPd2Al3 (21) the expected ordered moments are (g J 5
1/2 21 1 33.00 37.6 47.8 (18.0)

8/11)3/2 0 0 35.07 26.5 29.7 (3.8)
1/2 1 1 40.71 58.0 59.2 (3.3) kea,bl 5 (1/2) ? (g ? eB) ? k11/2u J 1u 2 1/2l 5 1.82 eB1/2 22 0 42.45 2.8 7.4 (9.8)
3/2 0 1 44.14 32.6 38.8 (15.3) for the basal plane and
1/2 22 1 50.43 16.4 20.0 (12.1)
1/2 2 0 54.79 8.8 9.2 (0.8) kecl 5 (g ? eB) ? k11/2u J zu 1 1/2l 5 0.36 eB
1/2 0 2 54.80 20.4 21.2 (2.0)

parallel to the c axis. The large magnetic anisotropy in-1/2 21 2 57.58 15.8 23.6 (11.4)
3/2 1 1 58.94 30.4 31.2 (10.8) duced by the G7 CEF ground state fixes the directions of
5/2 0 0 60.27 8.3 3.2 (9.1) the ordered Nd moments into the basal plane as deduced
1/2 2 1 61.60 16.8 28.4 (11.4) from the neutron diffraction data. In NdPd2Al3 the strength
3/2 23 0 62.90 0.0 0.0 (0.0)

of the magnetic exchange interactions (TN 5 7.7 K) is1/2 1 2 62.91 26.8 50.8 (12.5)
comparable to the energy separation (DE 5 10 K) of the3/2 0 2 65.47 13.8 6.8 (9.9)

5/2 0 1 66.73 13.2 13.8 (10.1) two lowest-lying CEF doublets G7 and G(1)
9 . Thus, the en-

1/2 23 0 67.99 1.6 0.0 (6.5) hancement of the ordered moment e0(Nd) 5 2.28(7) eB
3/2 23 1 69.23 2.0 1.8 (0.1) above the value 1.82 eB expected for G7 reflects the mixing
1/2 22 2 70.46 14.8 15.6 (2.1)

of G(1)
9 into the ground-state singlet of the antiferromagneti-1/2 23 1 74.10 5.2 6.0 (0.3)

cally ordered state of NdPd2Al3 .3/2 2 0 75.29 7.0 13.8 (9.0)
5/2 1 0 77.67 8.8 11.0 (3.9)
3/2 1 2 77.67 17.6 21.6 (7.8) 4. CONCLUSIONS

a The Bragg peaks are indexed with respect to the hexagonal chemical
We have presented a study on the sample dependenceunit cell. Estimated standard deviations corresponding to counting statis-

of magnetic properties and the determination of the anti-tics are given in parentheses. The agreement value RI,M 5 o uIobs 2

Icalc u/o Iobs results in 16.3%. ferromagnetic structure of the ternary intermetallic com-
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TABLE 5
Comparison of Magnetic Properties of the Compounds CePd2Al3 , NdPd2Al3 ,

UPd2Al3 , CePd2Ga3 , and NdPd2Ga3 , All with Hexagonal PrNi2Al3-Type
Crystal Structurea

Compound CePd2Al3 NdPd2Al3 UPd2Al3 CePd2Ga3 NdPd2Ga3

References (3, 4) This work (1, 2) (25, 26) (27)

a (Å) 5.4709 5.4419 5.365 5.4147 5.384
c (Å) 4.2156 4.2069 4.186 4.2607 4.247
c/a 0.7705 0.7731 0.780 0.7869 0.789
c (mJ mol21 K22) 380 ,20 150 .300 ,20
Tord (K) TN 5 2.8 TN 5 7.7 TN 5 14 TC P 6 TN 5 6.5
k [0, 0, 1/2] [1/2, 0, 0] [0, 0, 1/2] [0, 0, 0] [1/2, 0, 0]
e0 (eB) 0.47(2) 2.28(7) 0.85(3) 1.5(1) 1.99(4)

eW ' c eW ' c eW ' c eW ' c eW ' c
eW ' k eW ' k eW ' k eW ' k

a a, c, Room temperature lattice parameters; c, electronic specific heat coefficient; Tord ,
magnetic ordering temperature; k, magnetic propagation vector; e0 , ordered magnetic satura-
tion moment with direction eW .

pound NdPd2Al3 with ordered hexagonal PrNi2Al3-type amounts of material loss (evaporation of aluminum) during
the process of sample preparation. As demonstrated forcrystal structure.

For a series of five selected polycrystalline and single- UPd2Al3 (10, 11), SC sample quality can be improved to
some degree by choosing a nonstoichiometric (aluminum-crystalline NdPd2Al3 samples we observe a significant de-

pendence of physical properties [differences in the room rich) composition of the starting material. Efforts to im-
prove the quality of REPd2Al3 single crystals are highlytemperature lattice parameters of up to 0.0032(2) Å for a

and 0.0025(2) Å for c] and of magnetic properties (average desirable, particularly for RE 5 Ce.
Our best NdPd2Al3 sample was investigated by high-Néel temperatures between 7.7 and 5.2 K) on sample prep-

aration procedures. NdPd2Al3 samples of better quality resolution powder neutron diffraction. The antiferromag-
netic structure below TN 5 7.7 K corresponds to a propaga-(defined as structural perfection with respect to the ideal

PrNi2Al3-type lattice) are characterized by smaller lattice tion vector k 5 [1/2, 0, 0]. The ordered magnetic Nd mo-
ments of (2.28 6 0.07) eB at saturation lie in the basal planeparameters and higher values for the Néel temperature

(see Table 1). The Néel temperature TN shows a linear due to CEF anisotropy and are oriented perpendicular to
the propagation vector as illustrated in Fig. 6. Magneticdependence on the lattice parameter a, which is not valid

for c. A sample dependence has previously been reported properties of the compounds CePd2Al3 , NdPd2Al3 ,
UPd2Al3 , CePd2Ga3 , and NdPd2Ga3 , all with PrNi2Al3-for the heavy-fermion superconductor UPd2Al3 [the super-

conducting transition temperature Tc (9, 10)] and for the type crystal structure, are compared in Table 5. The heavy-
fermion antiferromagnet UPd2Ga3 (28) adopts a differentnonsuperconducting heavy-fermion antiferromagnet

CePd2Al3 [the Néel temperature TN (5)]. The present re- (BaB2Pt3-type) crystal structure. Magnetic structures of
the compounds in Table 5 are characterized by differentsults on the non-heavy-fermion compound NdPd2Al3 sug-

gests that such effects are intrinsic material properties that propagation vectors (k 5 0 for CePd2Ga3 , k 5 [0, 0, 1/2]
for CePd2Al3 and UPd2Al3 , and k 5 [1/2, 0, 0] fordo not depend much on heavy-fermion properties. For the

isostructural compounds REPd2Al3 (RE 5 U, Ce, Nd), NdPd2Al3 and NdPd2Ga3). It is remarkable that for all
compounds the ordered magnetic moments are orientedwell-prepared and annealed PC material, prepared by arc

melting, is generally of better quality than SC material, perpendicular to the hexagonal c axis and perpendicular
to the respective propagation vectors. CEF interactions ofprepared by the Czochralski pulling method. Limited sam-

ple quality of REPd2Al3 single crystals has been observed hexagonal symmetry induce strong magnetic anisotropies,
which seem to favor the basal plane. There, the antiferro-for RE 5 Nd at Néel temperatures much reduced below

TN 5 7.7 K (see Table 1), for RE 5 Ce by the absence of magnetic coupling of the ordered moments found for
NdPd2Al3 and NdPd2Ga3 contrasts with the ferromagneticlong-range magnetic ordering (5), and for RE 5 U possibly

by a small anomaly in the order parameter below TN 5 coupling observed for CePd2Al3 , CePd2Ga3 , and UPd2Al3 .
It is interesting to note that for the Kondo compounds14 K (13–15). The difference in sample quality between

SC and PC material seems to be caused by different YbCu3Al2 (29) and YbCu3.25Al1.75 (30) the antiferromag-
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11. N. Sato, T. Sakon, K. Imamura, Y. Inada, H. Aono, and T. Komatsu-netic Yb ordering corresponds to a similar propagation
bara, Physica B 186–188, 195 (1993).vector k 5 [1/2, 0, 0] with a different orientation parallel

12. L. Paolasini, R. Caciuffo, G. H. Lander, J. Reibizant, D. Keen,
to the hexagonal c axis. N. Sato, and T. Komatsubara, J. Phys. Chem. Solids 56, 1323 (1995).
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