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Neutron diffraction, magnetic, and transport studies of NdNjAl
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Joint investigations of the magnetic, structural, and transport properties of,AldMaich crystallizes in the
hexagonal CaGutype structure are reported. The transition to a ferromagnetic state at 6 K has been estab-
lished from ac magnetic susceptibility and neutron diffraction measurements. The influence of external mag-
netic fields has been also studied. The alignment of the magnetic moments has been observed to be perpen-
dicular to the hexagonal axis. The magnetic moment of YANiIn H=6 T was determined to be equal to
1.52ug/f.u., which was slightly reduced in comparison with 1.68f.u. for NdNi,B compounds.
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[. INTRODUCTION gots were inverted and remelted several times to ensure ho-
mogeneity.
The RNi Al compounds withR=Y or rare earth crystal- Measurements of the dc magnetization and the ac suscep-

lize in the hexagonal CaGtype structure, space group tibility in a magnetic field up to 9 T and temperature down to
P6/mmm The interest in these materials originates from the4.2 K were carried out on a MagLab2000 instrument.
successful commercial use of the LgNilloys by reason of Neutron diffraction has been performédi in a constant-
their large hydrogen absorptidnApplications in batteries wavelength technology\(=1.0957 A) using the powder dif-
and for hydrogen storage have been performathgnetic, ~fractometer SV7-a at the FRJ-2 reactor itichy Germany*
electronic, structural, and thermodynamic properties ofand(ii) in time-of-flight technology using the diffractometer
TbNis_,Al, and LaNi_,Al, hydrogen systems have already ROTAX at the spallation source ISIS in Chilton, UK.
been carefully studiedl* The case oR=Gd, Dy, and Erwas Room- and low-temperature diffraction patterns have been
also addresseti.” Our interest in theRNi,Al series is a con-  collected on SV7-a; additional measurements between 1.8
sequence of our previous wide research &Ni,B  and 10 K have been performed on ROTAX. The sample was
compound$-1° contained in a cylindrical vanadium can mounted on SV7-a

In this paper we present joint results on Nghlj includ- (1) in a refrigerator cryostat an?) in a cryomagnet with
ing dc magnetization, ac susceptibility, neutron diffraction,external magnetic fields up to 5 T perpendicular to the hori-
and electrical resistivity measurements. TRii,Al system  zontal diffraction plane and on ROTAX in a He cryostat with
possesses advantages comparing with the B-based col tail.
pounds. The substitution of B by Al opens the possibility to  The electrical measurements were carried out by a stan-
carry out a detailed analysis using neutron scattering and th@éard four-probe technique on a rectangular-shaped sample
mentioned applications of these materials make them an infor a correct determination of the sample resistivity.
portant object for investigations. TheNi,B compounds,
like those of theRNi,Al series, are characterized by zero or
negligible magnetism of the Ni atoms, which simplifies the
interpretation of the magnetic, transport, or electronic prop- Figure 1 displays the reay,’, and the imaginaryy”, part
erties of these materials. of the ac susceptibility for NdNAI compounds. The transi-
tion from the paramagnetic to the ferromagnetic state is well
identified atTc=6 K. For comparison in our previous stud-
ies of NdNj,B, Tc was established at 11.7 KThe field
The RNi Al compounds were prepared by induction melt- dependence of the NdN\l magnetic moment is shown in
ing of the stoichiometric amounts of the constituent elementshe inset of Fig. 1 together with the result for NgRi® It is
in a water-cooled boat, under an argon atmosphere. The irseen that the magnetization curves are similar with a larger

Ill. MAGNETIC MEASUREMENTS

II. EXPERIMENT
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FIG. 3. Unit cell of NdNjAI.
FIG. 1. The real,y’, and the imaginaryy”, parts of the ac b

susceptibility for NdNjAl. Inset: the magnetization curve of the .
NdNi,Al and NdNi,B compounds at 4.2 K. ments usingFULLPROF (Ref. 13 have been performed on the

293 K and the 4.2 K data. The refined lattice constants are

moment in the case of Nd)\B. In an external magnetic field a=5.0103(13) A,c=4.0601(7) A at room temperature ar_ld
H=6 T the magnetic moment is 1,53 /f.u. for NdNj,Al  a=4.9955(14) Ac=4.0551(7) A at 4.2 K. The structure is
and 1.6§g/f.u. for the NdN},B compound. It is well visible ~described in the hexagonal space grélimmm Nd occu-
from the inset of Fig. 1 that both compounds do not saturat@i€S the B site (0,0,0 and Ni1) the X site (1/3,2/3,0).
even in a magnetic field of 9 T. The magnetic moment ofNi(2) and Al are statistically distributed on theg 3site
NdNi,Al is connected only with the rare earth because the N{1/2,0,1/2). The Al atoms are found exclusively on the 3
atoms have been claimed to be nonmagnetic in this comPOSitions and are absent ore Zites, which is established
pound. This assumption is confirmed by the present neutroRWing to the fact that neutrons can W_eII distinguish between
diffraction studies(see next section The nonmagnetic state Ni @and Al due to the nuclear scattering lengthsbof 10.3

of Ni has been also assumed in the case of NBNhow- and 3.449 fm, respectlv_ely. The unit cell is shovyn in Fig. 3.
ever, neutron investigations of that compound are not easilffo" comparison, th&kNi,B compounds crystallize in the
accessible due to the large neutron absorption of natural b&iructure of CeCg@ with space groupP6/mmm The Ni

ron. atoms occupy the crystallographic sitesc{2and (&), the
rare earth is also located in two sitesa(lb), and boron
IV. NEUTRON DIEERACTION RESULTS atoms are located in the €2 positions.

The 4.2 K diffraction pattern taken at SV7-a reveals nei-
Figure 2 presents the neutron diffraction pattern ofther new magnetic reflections nor intensity enhancements on
NdNi,Al recorded at 293 K. Full-pattern Rietveld refine- nuclear reflection peak positions, at least within experimental
error limits. This was the reason for additional measurements

6 of improved peak-to-background conditions at ROTAX. A
careful inspection of the temperature difference pattern
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FIG. 2. Constant-wavelength neutron diffraction pattern of FIG. 4. Time-of-flight @d-spacing diffraction pattern of
NdNi, Al at 293 K, experimental datdcircles and refinement NdNi,Al at 1.8 K and temperature difference pattdfin8—10 K
(line). The bottom curve represents the difference between measurshowing the pure magnetic scatteritfgelow); indexing of peaks
ment and calculation. with detectable magnetic scattering contributions.
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0.5 . T . T T agonal basis plane. The field dependences of(®#4) and
—_ : : (002 reflection intensities reveal the typical magnetization
2 0.4 (101) A curves approaching saturation with increasing field and those
5 ] ; of (100) and (200 approaching zero. The behavior visible in
& 0.3 i Figs. 6a) and Gb) is in good agreement with the magneti-
© ) ) zation curve of NdNjAI shown in the inset of Fig. 1.
: 0.24 J The magnetic intensities are partly maintained even after
= ] ] switching off the external magnetic field. It is demonstrated
S 0.1 | in Fig. 7, which shows the diffraction patterns measured after
e ] ] changingH from value provided in the graphs té=0. At
- 0.0- % T | temperature 4.2 K—i.e., below the ordering temperature of

' I NdNi,Al—the enlargement of some peaks—e. @01)—is

5 4 6 8 10 still present after switching off the external magnetic field. At
80 K the long-range magnetic order is not visible. The be-
havior belav 6 K is clearly a domain and hysteresis effect;
i.e., it is typical of a ferromagnetic material with a small
remanence.

The low transition temperatufg: and the small magnetic

(1.8-10 K reveals magnetic scattering contributions onmoment before the treatment with the magnetic field yield an

nuclear diffraction peak position&ig. 4). The magnetic in- |mport§1nt sugg.estl(.)n that. the r_nagneti.c_ mor."e”F .Of the Ni
tensities are very weak compared to the large nuclear scafloms is nggl|g|ble n NdNAl.‘ This condition 3|mpl|f|e§ the
tering contribution from the Ni sites. The magnetic structure'm_erpret""t'o_n of the m_agnetlc, transport and electronic prop-
has been determined byraiLLPROF refinement of the pure ©rties OfRNi,Al or RNi,B compounds.
magnetic scattering contributions in the temperature differ-
ence patterr(range ofd spacing from 2.2 to 5.0 A The
magnetic Nd form factor has been used from Ref. 14. The
magnetic intensities are in agreement with a ferromagnetic The phase transition observed in the magnetic experi-
alignment of the Nd spins perpendicular to thexis. The ments and discussed in previous sections is also reflected in
ordered magnetic moment amounts to 1.8%(5per Nd ion  the measurements of the temperature dependence of the elec-
at 1.8 K. The temperature dependence of the magnetic interical resistivity (see inset of Fig. B However, as has been
sity confirms the Curie temperature of @DK (Fig. 5). observed, the jump in resistance occurs at a temperature
The neutron diffraction experiments on SV7-a have beenwhere the absorption procesg’j begins; this is about 20 K
extended to measurements at 4.2 K in outer magnetic fields the studied compound. It means that the largest changes in
in the range from 0 to 5 T, providing a confirmation of the resistivity appear already at the stage where the irreversible
ferromagnetic order by additional magnetic intensifieigy.  losses in the system are initiated. Hence, electron scattering
6). As becomes visible from the increase of 1) and does not have to be most efficient at the same stage of the
(002 and the disappearance of tflH0) and (200 intensi- transition, in which the magnetic susceptibiligy has its
ties, the ferromagnetic alignment must be perpendicular tonaximum. Additionally, in the ac susceptibility experiment
the hexagonal axis; i.e., the moments are ordered in the hethe whole volume of the sample is measured; in the case of

Temperature (K)

FIG. 5. Temperature dependence of the magn@itd) reflec-
tion intensity yielding a Curie temperature of GpK.

V. ELECTRICAL RESISTIVITY
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the resistance investigations mainly the contribution charac- From the fit(solid line for YNi,Al in Fig. 8) the residual
terized by the highest conductivity is involved. resistivity is pg=263uQdcm, the constant R

The p(T) dependence of Nd)AI illustrated in Fig. 8 =0.165u() cm/K, the Debye temperatui@,=204 K [for
consists of both the magnetic and phonon contributions. T¢&YNi,B the Debye temperature way=240 K (Ref. 15],
display only the magnetic contribution within the transition and the parameter describing the scattering of the conduction
area the phonon part of the isostructural nonmagnetielectrons into a narrovd band near the Fermi level i

YNi, Al compound was subtracted—i.eu,,(NdNi4Al) + pg =2.25<x10"7 nQ cm/K3. The inset of Fig. 8 enables the
= p(NdNi4Al) — p,r(YNi4Al), whgre p(T) of YNi,Al was  estimation of the spin-disorder resistivity agqpq
fitted with the modified Bloch-Gmeisen relation for metal- =1.14 uQ cm.
like compounds: Below T¢ a quadratic dependence of resistivity on tem-
perature is usually observed related to the magnon excita-
p(T)=po(Y NigAl) + pp(T) =K T?, (1)  tions, which may be modified by a presence of an energy

gap. The inset of Fig. 8 shows that beldw the resistivity

pm IS nearly independent of temperature, implying a very

large energy gap for magnons excitations in the studied
> (0p/T x°dx NdNi,Al compound. Hence, only high-energy magnons may
fo (e“—1)(1—e X 2 appear, leading to the destruction of the long-range ferro-

magnetic order in zero or small magnetic fields.

with

.
pph<T>=4R®D(®—D)

560 A large value of the residual resistivity is visible for
550 |- °:zz Pt Py o8l _ NdNi,Al. We have observed it also for oth&Ni, Al com-
540 [¥¢ o) NdNi,Al pounds, while in the case &Ni,B (Ref. 16 this value was
s30l  sonsl < 2 usually below about 5@ cm. The explanation may be

o based on the difference in crystallographic structures. In the

E 20 case ofRNi,B the B atoms occupy the well-defined dp
8 stor sites of the CeG@ structure, whereas the Al atoms in
3 5002 RNi,Al are statistically distributed on the ¢3 sites of the
~ 300 . . X
I CaCu-type structure. Therefore, the lattice disorder in the
S 200 case ofRNi,Al may be responsible for the increased residual
280 - resistivity. This effect was also observed for many other
270 |- compounds; e.g., the residual resistivity R€o, was close

260 == to zero and after adding a small amount of Si increased up to
200 1) cm due to the appearance of a lattice disotder.

250 [ 1 " 1 " 1 L 1 " 1 " 1 "
0 50 100 150 200 250 300
T (K)
VI. CONCLUSIONS

FIG. 8. Electrical resistivity of the NdNAI compound. The ) ) ) )
p(T) dependence of the nonmagnetic isostructural JANicom- The present magnetic, neutron diffraction, and electrical
pound is also showrbottom curve together with a fit to formula  resistivity studies reveal the following.
(1). The inset shows the magnetic phpt,(NdNi,Al) + po] of the (i) The NdNAI compound undergoes a paramagnetic to
NdNi,Al resistivity in the vicinity of the phase transition. ferromagnetic phase transition B¢=6 K, as is established
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both by ac susceptibility and neutron diffraction measure+esistivity appear at a temperature for which the irreversibil-

ments. In the ferromagnetic phase the magnetic moments aity in the system begins. Below the resistivity p, is

ordered in the hexagonal basis plane. The magnetizationearly independent of temperature.

curve of NdNjAI resembles that of NdNYB, but exhibits a

smaller value of the magnetic moment, which is equal to

1.52ug/f.u. for NdNi,Al and 1.68«5/f.u. for NdNi,B com- ACKNOWLEDGMENTS
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