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Single-phase BNi; ¢Si; and PrNi were prepared and characterized by using differential thermal analysis,
single crystal, and powder x-ray diffraction. Their thermal and magnetic properties were studied by measuring
heat capacity as a function of temperature in magnetic fields up to 100 kOe and magnetization as a function of
magnetic field up to 50 kOe over the temperature range from 5 to 400;Ki RfSi; orders magnetically at 50
K, and it undergoes a second transition at 25 K. As inferred from the behavior of the magnetization and
magnetocaloric effedMCE), both ferromagnetic and antiferromagnetic components are present in the mag-
netic ground state of the material. The heat capacity and magnetocaloric effect of PrNi confirm that it orders
ferromagnetically at 19 K. Both EXi; ¢Si; and PrNi exhibit moderate magnetocaloric effects. The maximum
MCE for PiNi; ¢Siz is 3.4 K and it is observed at 50 K for a magnetic field change from 0 to 75 kOe. The
maximum MCE for PrNi is 4.2 K, which occurs at 19 K for a magnetic field change from 0 to 100 kOe.
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. INTRODUCTION =4.2554(3) A% Pr;gNi,Si;; was reported to be isostructural

with Ce;sNi,Siy3, and unit cell dimensions of the former are

A considerable number of ternary intermetallic com-5—5019 andc=4.297 A5 Considering the identical sto-
pounds form inR-M-Si systems, wher® is rare earth and jchiometry with respect t&R and (Ni+Si) atoms and the
M is transition metal. Many of these intermetallic phasessimijarity of the unit cell dimensions, the latter two alloys
possess different but related crystal structures, and as a Ijth praseodymium are likely to represent two different
sult, their physical properties may, and often do, vary sysgompositions from the same phase region.
tematically. On the one hand, diverse phase relationships re- According to Bodak and GladyshevsRithe CeNiSi-,
flect the complexity of chemical interactions betwednasd CesNi,Sis-, and CgsNi,Sijztype structures are closely re-
3d-5d metals with semimetallic silicon, thus enabling one t0|5ted to one another. They belong to the two-dimensional
finely tune the physical properties of a system via controlled,omologous series based on several simple metallic struc-
adjustments of the chemical composition, which result iny,res je. AIB, a-Fe, and NiAs. As illustrated in Fig. 1, the
systematic variations of the crystal structure. On the othefhree structures differ from one another in the configuration
hand, detailed studies of physical behavior of m&-Si  of the bases of the complex trigonal prismatic columns,
intermetallics may be complicated and sometimes are nearkyhich are limited in theXY plane and are infinite along the
impossible due to considerable difficulties in the preparatiory axis. The building blocks of these columns are the small
of single-phase samples. trigonal prisms formed byR (e.g., Ce atoms, which are

The ternary Pr-Ni-Si system is one of the examplesfilled with either Si or Ni atoms or by statistical mixtures
where approximately 20 individual intermetallic phases havehereof. The stoichiometry of each member of this homolo-
been reported in the literature, but no ternary phase diagragous series may be derived froR,z2, 3n12(Ni,Si)on24 5,
or at least an isothermal section of the diagram has beewheren is the number of small trigonal prisms that fit along
constructed to date. The most recent summary of the tername side of the complex trigonal prismatic column; com-
phases known to form in the Pr-Ni-Si system and their cryspounds with the value ofi varying from 2 to 4 have been
tal structures was given by Rogl in 198Tntriguing struc-  reported for a range of differerR elements. For example,
tural relationships exist between several intermetallic phasef®r Ce gNi,Si;3, N=4, and its stoichiometry i&3o(Ni,Si)3,
found in this system in the range of concentrations from 45=R,(Ni,Si),;. Bonding among the atoms that belong to the
to 55 at.% Pr and from 15 to 40 at.% Ni. These arecolumn is likely to be different from that between the col-
PrsNi,Siz, PLNIiSI, PrgNi;Sig, and PgsNiySiyz. All four  umns, and therefore, a systematic dependence of physical
compounds are hexagonal, and they crystallize in the spacend especially magnetic properties of these compounds on
group P63/m. PriNi,Si; belongs to the GgNi,Sis-type  their chemical composition and structure may be expected.
structure with lattice parametera=12.005(5) andc The availability of complex and clearly anisotropic crystal
=4.273(2) A% P,NiSi has the same crystal structure asstructures similar to th&®,2. s+ »(Ni,Si)»n24», homologous
CeNiSi, and its lattice parameters age=16.05(1) andc  series, therefore, provides a way to better understand the re-
=4.302(5) A2 PrNi,;Si;, has its own type of crystal struc- lationships between chemical composition, crystal structure,
ture with lattice parametersa=19.881(1) and c and physical properties of metallic materials. In this paper,
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powders suspended in water with a final particle size of 0.03
pm. The surface was self-etched during the polishing with-
out using any additional chemicals.

The persistence of the PrNi phase after various heat treat-
ments was a solid indicator that the,NiSi stoichiometry,
which was reported in the literature, may be not quite accu-
rate. Therefore, in an attempt to determine the correct chemi-
cal composition of the majority phase, we carried out a com-
plete structural investigation using two single crystals
extracted from the alloy heat treated at 680 °C for 4 days.
The single-crystal x-ray diffraction experiments were carried
out on a Bruker SMART Apex charge-coupled devices
(CCD) diffractometer using MK « radiation. The diffrac-
tion data were collected at room temperature in full recipro-
cal sphere to 2,,=57°. Unit cell dimensions were refined
using all observed Bragg reflections. The absorption correc-
tion was accounted usingaDABS (Ref. 7) employing Bragg
reflections withl/o(1)>3. The crystal structure was solved
by direct methods and refined by using the least-squares
technique based on’FPopulation parameters of Ni and Si

FIG. 1. Perspective views of the unit cells of (;Si;,  atoms located in different sites were included as free vari-
Ce;NiSi, and CesNi,Siys structure types. CeR) atoms are large  gples during the refinement to determine chemical composi-
gray, Ni and Ni+ Si atoms are small black, and Si atoms are smallijons of the crystals.
gray spheres. Thg axis is normal to the plane of the paper. The chemical composition of the majority phase, deter-

mined from the single crystal diffraction experiments, was
we report on the prgparation,. crystal structure, and basigyng to be PyNi, oSiz. Therefore, the alloy with this sto-
thermal and magnetic properties of the ;RiSi” com- jchiometry was prepared by arc melting following the same
pound, which is the member of the same series wittB. In  hrocedure as described above. The x-ray powder diffraction
addition to this ternary silicide, we also prepared binary PrNipattern of as-arc-melted i, Si; was again indicative of
and studied its heat capacity and magnetocaloric effect.  ygre than one phase with the majority phase belonging to

the hexagonal GiSi-type structure. Other phases in small
Il. SAMPLE PREPARATION AND CHARACTERIZATION guantities were detected but not_identified. After hegt tregting

the alloy at 600 °C for 5 days, its x-ray powder diffraction

The polycrystalline PaNiSi was prepared by arc melting pattern showed only a single phase and metallographic ex-
in an argon atmosphere from high-purity components. The Pamination showed less than 2 vol. % of the second phase in
metal was obtained from the Materials Preparation Center athe alloy. This second phase was identified as PrNi using
the Ames Laboratory and was 99-9at. % pure. The major scanning electron microscopy and energy dispersive spec-
impurities in Pr were F-222, O-203, Si-120, N-101, Fe-6.8 troscopy.
and Nd-2.2(all numbers are in parts per million atomidhe Since an identifiable amount of PrNi was present in the
Ni (99.88 at. % purgand Si(99.99 at.% purewere pur-  essentially pure heat-treatedsRi; Si;, we also prepared
chased from commercial vendors.,RiSi was remelted 6 the former using the same technique and starting components
times to ensure its homogeneity; after each melting, the alloys described above. The x-ray powder diffraction pattern of
button was turned over and melted again. According to x-rayhe as-arc-melted PrNi contained a major phase with the
powder diffraction analysi§¢Scintag powder diffractometer, orthorhombic CrB-type crystal structufe.PrNi, with
Cu K radiation, 20<26=<90°) coupled with Rietveld re- MgCu,-type crystal structufewas present as an impurity
finement, the as-arc-melted ,RiSi contained two phases. phase. Since according to the corresponding phase di&gram
They were identified as-Pr,NiSi (the majority phasg be-  PrNi melts congruently, we verified the absence of defects on
longing to the hexagonal GNiSi-type structure, and PrNi Ni sites by examining the crystal structure of the material
(the minority phasg which has the orthorhombic CrB-type using single-crystal x-ray diffraction employing a specimen
crystal structure. Samples of JRiSi were heat treated at extracted from the as arc-melted piece of the alloy. Single-
different temperatures from 500 to 680 °C for different peri-phase PrNi was then obtained by heat treating a sample at
ods of time ranging from 1 day to 1 week. In each case, th&00 °C for 5 days. Both the x-ray powder diffraction pattern
alloy remained a mixture of two phases according to x-rayand metallography of the heat treated PrNi showed it to be a
diffraction, although their contents in the alloy varied as asingle-phase material.
result of heat treatments. The presence of about 20 vol. % of The heat-treated samples ofsRfi,; ¢Si; and PrNi were
PrNi was also confirmed by metallography using a sampleused to measure their magnetic properties and heat capaci-
which was heat treated at 680 °C for 4 days. The metalloties, and evaluate their magnetocaloric effects. Magnetization
graphic examination was carried out after the surface of thevas measured using a Quantum Design magnetometer be-
alloy was polished using different grades of aluminum oxidetween 5 and 400 K in magnetic fields ranging from 0 to 50
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TABLE I. Crystallographic data and structure refinement for between the Ni atoms located in&)(and 2@) sites of the
PrsNiy oSis. PrsNiy ¢Si; structure(Table 1l) require partial occupancies of
these sites with the total number of Ni atoms in both sites not

Refined stoichiomeiry BNi1.oSi3 to exceed 2 due to geometrical constrains. Unrestrained re-
Structure type _ CAISI finement of the occupancies of Ni2 and Ni3 resulted in
Temperature of the experiment 298K slightly less than two Ni atoms total, i.e., 1(82 Ni atoms
Wavelength 0.71073 A occupying positions located on the twofold axis, which co-
Space group P63/m incides with the § axis. Refinement of the occupancies of
Unit cell dimensions a= 15'926538)"& other sites did not result in statistically significant deviations
Unit cell volume 09_335(5)?:)(:2 from unity,_ and therefore, all remaining sites appear to be
Number of formula. units in 4 ' fully occup_led. A second crys_tal was gxtrac_:ted from the same
the cell,Z a!loy gnd it was also exgmme_d using smgle-crysta{ X-ray
Calculated density 6.398 g/ém diffraction. The. results, |r?clud|'ng re'flned occupancies of
Absorption coefficient 29 578 mmt 4(e)' and 2@) sites, were [dentlcal with the first crystal to
F(000) 1561 within two standar_d deviations, and th_ere_fore, we C_onclude
Data collection range @ 2 96°—56.64° that despite consujerable de_fects, this _|r_1termetaII|c com-
Index ranges _ 20<h< 20, —21<k< 21 pognd.s forms at a fixed chemlcql gompqsmon. The resulting
_5<|<5 ' ' tSrEOIChIOTLTm{ oftthe fofrg‘:lj-lagglnlt is F‘:Ijl'l'gt[ﬂ"(gs's ,dalg_c:i3
. e crystal structure o i1.¢Si3, including Ni2 and Ni
Ezfcleiztlr\odn:nfilelﬁgii%ns ?3?92(;00292) atoms, is shown in Fig._2. This i]lustra_uion highlights thg
e presence of complex trigonal prismatic assemblies build
Completeness to &=56.64° 97.4% ) from small trigonal prisms with Pr atoms in the corners. The
Refinement method Full matrix least squares 8n F prisms are filled with either Si or Ni atoms. The columns are
Data/restraints/parameters 860/0/45 infinite along theZ axis and they are limited within theY
Goodness of fit on ¥ 1.102 plane, containing nine small trigonal prisms in the base of
Final R indices[1>20(l)] R;=0.0173,wR,=0.0330 each column.
R indices(all data R;=0.0200,wR,=0.0336 The observed and calculated powder diffraction patterns
Extinction coefficient 0.00023) of Pr;Ni; ¢Si; are shown in Fig. 3 and those of PrNi in Fig. 4.
Largest difference peak and hole 0.87ahd —0.962 A3 The unit cell dimensions determined from Rietveld refine-

ment based on powder data, i.&=15.9276(6) andc

. i o =4.2549(2) A for PgNiy Sig, are the same within the ex-
kOe. The heat capacities were measured in a semiadiabalerimental error limits as those obtained from the single-
heat pulse calorimetErbetween~3.5 and 350 K in constant crystal measurements: see Table I. The values for PaNi
magnetic fields of 0, 20, 50, 75, and 100 kOe. The magne= 3.82346), b=10.5091), c=4.3583(3) A], however,
tocaloric effecf MCE) was calculated from the heat capacity 5. slightly different from those obtained from the single-

measurements as described in Ref. 12. crystal experiment: see Table Ill. The small but systematic
discrepancies in the latter case could be due to the fact that
[ll. EXPERIMENTAL RESULTS AND DISCUSSION the powder diffraction technique usually yields more accu-

rate unit cell dimensions when compared to the single-crystal
diffraction data. The difference, however, may be indicative

The crystallographic data of both the;Ri; ¢Si; and PrNi of a slight deviation in the Pr to Ni ratio from unity in one or
compounds, as determined from the single-crystal x-ray difboth samples: i.e., PrNi may have variable stoichiometry and
fraction analysis, are listed in Tables I-IV. Short distancesxist over a small range of concentrations.

A. Crystallography of PrsNi; ¢Sis and PrNi

TABLE Il. Atomic coordinates, occupancies, and equivalent isotropic displacement parametei® Rr;Ni; ¢Sis.

Atom Site Occupancy x/a y/b Zc Ueq
Pr1 6() 1.00 0.0101R2) 0.180333) 1/4 0.01491)
Pr2 6() 1.00 0.3992@) 0.263022) 1/4 0.01144)
Pr3 6() 1.00 0.45428) 0.067472) 1/4 0.01181)
Pr4 2d) 1.00 2/3 1/3 1/4 0.0113)
Nil 6(h) 1.00 0.28184b) 0.497885) 1/4 0.012%2)
Ni2 4(e) 0.2449) 0 0 0.0841) 0.022)
Ni3 2(a) 0.322) 0 0 1/4 0.022)
Si1 6(h) 1.00 0.16471) 0.54991) 1/4 0.01193)
Si2 6(n) 1.00 0.23161) 0.32561) 1/4 0.01203)

%U¢q is defined as one-third of the trace of the orthogonalidgdensor.
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TABLE Il Crystallographic data and structure refinement form, are highly reactive with most commonly used crucible

for PrNi.

Empirical formula
Structure type
Temperature of experiment
Wavelength

Space group

Unit cell dimensions

Unit cell volume

Number of formula units
per cell,Z

Calculated density

Data collection range 2

Index ranges

Reflections collected

Independent reflections

Completeness to @=55.88°

Refinement method

Data/restraints/parameters

Goodness of fit on ¥

Final R indices[1>2a(1)]

R indices(all data

Largest difference peak
and hole

PrNi
CrB
2@ K

0.71073 A
cmcm
a=3.83079), b=10.5432),
c=4.369(1) A

176.44(7) A
4

7.515 g/ém
7.74°—-55.88°
—4<h<4, —13<k<13,
—5<I<5b

711

13R{,;=0.0213)
97.1%

Full matrix least squares én F

133/0/9

1.169
R;=0.0156,wR,=0.0355
R;=0.0158,wR,=0.0357
0.94G and—1.083 A3

B. Differential thermal analysis of PrgNi ¢Si;

Differential thermal analysis(DTA) of an annealed
PrsNi; ¢Si; sample(see Fig. 5 displays a complex melting

materials, and thus special care is required during annealing
to avoid contamination from the container.

C. Heat capacity and magnetocaloric effect
of PrsNiy ¢Si; and PrNi

Figure 6 shows the heat capacity o§R; ¢Si; as a func-
tion of temperature measured in 0, 20, 50, and 75 kOe mag-
netic fields. A distinct\-type anomaly is observed in zero
magnetic field at~50 K and its behavior as the field in-
creases clearly indicates that the corresponding second-order
phase transition is magnetic in origin. Assuming that Ni is
nonmagnetic in this intermetallic phase, which is typical for
the majority of othemR-Ni-Si compounds, the magnetic or-
dering in the Pr sublattice occurs at quite high temperature,
especially considering that crystal field splittings from the
singlet ground states inhibit spontaneous magnetic ordering
in pure Pr; the latter does not order magnetically down to 2
K.1 Above 50 K, the heat capacity shows conventional be-
havior saturating at-3R around 200 K.

In addition to the majoi-type peak mentioned above, a
small cusplike anomaly is observed-aR5 K. The latter is
too strong to be due to a magnetic ordering of the PrNi
impurity (less than 2 vol. % total furthermore, PrNi was
reported(also see beloyto order ferromagnetically at 20
K. The ~25 K cusp shifts towards lower temperature and
remains noticeable in a 20 kOe magnetic field, but it is com-
pletely suppressed by 50 kOe and higher fields. This behav-
ior is consistent with the development of an antiferromag-
netic component in the magnetic interactions at 25 K and
indicates that the antiferromagnetism insIRir, ;Si; can be
quenched by magnetic fields greater than 20 kOe.

behavior. A small endothermic peak with an onset at 660 °C Below ~8 K, the C/T vs T2 plot shows a linear behavior
contains approximately 2% of the total area under the endo@nd the least-squares fit @=yT+ BT? results in the elec-
hermic peaks, which corresponds to the amount of the PrNironic heat capacity coefficient=8.0(9) mJ/gatomK, and
impurity. The total energy in this peak is consistent withthe Debye temperatui®,=144(2) K. Although these val-
either a solid-state transformation or a eutectic melting in-ues may be slightly affected by magnetic contributions to the
volving a small amount of one or two additional phases.heat capacity, the electronic heat capacity coefficient indi-
Further studies are required to determine the origin of thisates a normal density of states at the Fermi level.

peak. The large and sharp endotherm with an onset of 998 °C The magnetocaloric effect of i, ¢Si;, calculated from

is consistent with a peritectic decomposition of thethe heat capacity data in terms of the magnetic entropy
PrsNi; Si; phase at this temperature, while the endotherncthange (ASy,) and the adiabatic temperature change
with an onset at 1085 °C appears to contain at least two an@AT,g), is shown in Figs. & and 1b), respectively. The
possibly three melting events.

From the DTA, it appears that solidification ofsRii; oSis
occurs through a cascade of peritectic reactions. As a resuliegative component of the MCE below?20 K, which re-
extended annealing is required in order to prepare a highflects an antiferromagnetic component developing as the
guality sample. Ongoing investigations of the relevant part otemperature is lowered. It is, therefore, feasible that the cusp
the Pr-Ni-Si phase diagram indicate that the liquids, whichin heat capacity observed at25 K in zero magnetic field

MCE peaks at-50 K and its behavior is indicative of ferro-
magnetic coupling in the Pr sublattice. Clearly, there is a

TABLE IV. Atomic coordinates, occupancies, and equivalent isotropic displacement parametpifer A

PrNi.
Atom Site Occupancy x/a y/b zlc Ueq
Pr 4(c) 1.00 0 0.3617@)) 3/4 0.01312)
Ni 4(c) 1.00 0 0.07241) 3/4 0.01713)

%U¢q is defined as one-third of the trace of the orthogonalidgdensor.

134452-4



PREPARATION, CRYSTAL STRUCTURE, HER. .. PHYSICAL REVIEW B 68, 134452 (2003

600

PrNi
Cu Ko radiation

500 |

400 | ]

i
]

300 | . ]

Hegh=
Sy
eV
i

i
[
;
d

200 |

>,
Intensity (arb.units)

Observed
—— Calculated ]

100 |

Ili I Trrmr 1 rrmrnrrme g
H -—- Difference

20 30 40 50 60 70 80 9
Bragg angle, 20 (deg)

FIG. 2. Perspective view illustrating complex trigonal prismatic ) )
arrangement in the crystal structure ofRiy Si;. The Pr atoms FIG. 4. Observed and calculated x-ray powder diffraction pat-
are large gray, the Ni atoms are small black, and the Si atoms af€ns of PrNi heat treated at 600 °C for 5 days. Vertical bars at the
shown as small gray spheres. One unit cell is delineated using thiR0ttom of the plot indicate calculated positions of Bragg peaks. The
solid lines. difference between the observed and calculated patterns is also
shown at the bottom of the plot.

could be due to a spin reorientation transition, which occur

n P.r5N;:1.-9S'% at this te(T[%erature..TheM%JSp. in the hea(tj C8agreement with that deduced earlier from magnetization

ggcﬁy( 'g. 6, insef an rt_] ehnegatlve MCEFig. 7) aroun measurement. The magnetic contribution to the heat ca-
are consistent with the magnetization measurement acity remains large down to the lowest temperature of the

see below. The magnetocaloric effect in this compound i xperiment (4 K). As a result, it was impossible to obtain

quite low, which is expected considering the low nn'agneucreasonable fits of the data to determine the electronic heat
moment of Pr when compared, for example, to heavy lan

. capacity and the Debye temperature for this material even
tha%']dei such as G.d’ TP’PD&/Z and Efr. . f after including the spin-wave contribution for a simple fer-

N ga} Cgpgg'tég 75r ! %S 1a00u|r(1(c3t|on 0 te;.np?r?éur. omagnetic material, where the magnetic heat capacity is

R Al . i which C,,= D*?exp(—A/kT).1® The magnetocaloric effect of
transition in PgNiy oS3, PrNi undergoes a second-order m p D 9

] ; PrNi is shown in Figs. @) and 9b). The caretlike behavior
phase transformation from aferromagnetlctoaparamagnet‘g typical of a conventional ferromagnet, and the MCE is
state on heating. The transition temperature obtained fror@omparable but slightly larger than ihat observed in

PrsNi; oSi;. The latter is expected since a material with a

the zero-field heat capacity data9 K) is in an excellent

600 T T T

PrsNi, Sig 12 . . . . ———
S0 Cu Ka: radiation 1 Pr,Ni, ,Si,

400 |
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Observed
— Calculated
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FIG. 3. Observed and calculated x-ray powder diffraction pat-

terns of PgNiy oSi; heat treated at 600 °C for 5 days. Vertical bars  FIG. 5. The DTA trace of RNi, ¢Si; measured on heating with
at the bottom of the plot indicate calculated positions of Bragga 10 °C/min rate. The sample for the measurements was taken from

peaks. The difference between the observed and calculated pattertiie alloy with the PyNi; ;Siz stoichiometry heat treated 5 days at
is also shown at the bottom of the plot. 600 °C.
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o0 | PrsNi, ¢Sig PrNi
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20 30 40 —v— H=75kOe
o ‘ . Temperature (K) 0 . ‘ —&— H=1001Ce
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50
Temperature (K) Temperature (K)
FIG. 6. The heat capacity of i, ¢Si; from ~4 to 100 K in 0, FIG. 8. The heat capacity of PrNi from4 to 50 K in 0, 20, 50,

20, 50, and 75 kOe magnetic fields. The inset illustr&€&F over 75, and 100 kOe magnetic fields.
the 10-40 K temperature range to clarify the behavior of the
anomaly observed at 25 K. Weiss like: however, small systematic deviations from the
Curie-Weiss behavior give a clear indication of crystal field
lower magnetic transition temperature generally has a largesffects. A least-squares fit of the data between 60 and 150 K
MCE, all other things being equal. yields a paramagnetic Curie temperatute=36 K and an
effective magnetic moment of 3.3 per Pr atom. The latter
compares favorably to the theoretical value of 3.58
) ) o ) The magnetization of ENi, ¢Siz below 50 K is quite in-
Field cooling magnetization measurements @N\P{sSis,  teresting. The onset of a ferromagnetic or ferrimagnetic state
shown in Fig. 10, were performed over the temperature rangg eyident at all fields: see Fig. 10. However, for intermediate
from 10 to 400 K in magnetic fields of 0.1, 1, 10, 20, 30, 40, fie|ds the behavior of the magnetization as a function of tem-
and 50 kOe. Above 50 K, the curves fdd/H vs T are  parature is nonmonotonic with a peak in the magnetization
identical within experimental error with the exception of the occurring between the ordering temperature and the lowest
100 Oe data. The latter deviate from the other curves byemperature measured. This is indicative of strong antiferro-
approximately 1%. The deviation may be attributed to & Mi-pagnetic interactions, which become significant below about
nor (<0.1%) ferromagnetic impurity phase. The magneticas Kk confirming the heat capacity measurement: see above.
susceptibility was calculated by a linear regression fit to the  \agnetization versus field measurements at low tempera-
magnetization values for the 1, 10, 20, 30, 40, and 50 kOe &{yre (Fig. 12 show strong evidence of competing ferromag-
each temperature, which in this case resulted in the samgatic and antiferromagnetic interactions. At 25 K, the hyster-
valu_es as simply taklr]g/I/H for th_ese flelds_:. Above 50_K7 esis curve for the material is typical of what is expected for a
the inverse susceptibilityFig. 11) is approximately Curie- nolycrystalline ferromagnet or ferrimagnet with large grains

D. Magnetization of PrsNi; Sis

12

7 T 4 "

T e 1-0'20 kOe] | —®— H=0-20kOe ‘ T o= 11=0-20 kOe ‘ —e— H=0-20kOe

PrNi, ;Si; —o— H=050k0e ProNi, ¢Si; —o— H0-50K0e 14 | PrNi —— H-0-50 kOe ] PrNi —0— H=0-50kOe

A H=0-75kOe —4— H=0-75 kOe —a— H=0-75kOe 4r —a— H=0-75kOe ]

10 H=0-100 kOd]

—v— H=0-100 kOe} —v—

-AS,, (Jkg K)
-AS,, (J/kg K)

0 20 40 60 80 100 0 20 40 60 80 100 0 10 20 30 40 50 0 10 20 30 40 580

Temperature (K) Temperature (K) Temperature (K) Temperature (K)
FIG. 7. The magnetic entropy chang® and the adiabatic tem- FIG. 9. The magnetic entropy chan(® and the adiabatic tem-
perature changéb) of Pr;Ni, oSi; calculated from heat capacity for perature changéb) of PrNi calculated from heat capacity for vari-
various magnetic field changes. ous magnetic field changes.
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FIG. 11. Inverse magnetic susceptibility ofsRf; oSiz (Sym-
bols) and least-squares fit of the data above 50 K to the Curie-Weiss
law (solid line).
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FIG. 10. Magnetization of BNi, ¢Si; measured on cooling in
magnetic field varying between 0.1 and 50 kOe.
there is the development of significant coercivity, which ap-
and large anisotropythe sample had randomly oriented proaches 10 kOe at 5 K. At the same time, there is evidence
grains, which were visible to the ey&he loop exhibits little  of a metamagnetic transition at fields around 30 kOe. Fur-
hysteresis but the magnetization is not saturated at 5 T. Behermore, no hysteresis is associated with the metamagentic
low 25 K, two significant changes occur in the loops. First,transition. These data indicate that in low magnetic field,
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FIG. 12. Isothermal magnetization of Rli; ¢Si; at 5, 10, 20, and 25 K measured using a sample cooled in zero magnetic field from
~100 K to the temperature of the measurement.
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there is a transition from a low-temperature “ferrimagnetic” IV. CONCLUSIONS

state <25 K) to a high-temperature “ferromagnetic” state A . . .

(25 K<T<50 K). This transition is suppressed by magnetic Pr5N|1,QS|3_beIongs to a series of intermetallic gompounds
fields of 20 kOe or greater. It should be noted that at no timé’vhe.re Chem'c"’?' bonding \.N'th'n .and betyveen trlgonal prs-
is the full Pr moment observed below 50 kOe and the exactatic columns in athree—t_jlmensmnal lattice are different and
nature of the magnetic ordering may be quite complex witH-an be controlled by varying material's chemistry. The mag-
the Pr moments pointing in site-dependent directions. Givef€tization and heat capacity measurements and calculations
the large grain size of the sample employed in the measurd&f the magnetocaloric effect reveal a ferromagnetic ordering
ments, the large hystersis & K suggests that there is con- at 50 K and a second magnetic transition at 25 K; the latter is
siderable domain wall pinning within the grains. This effectSuppressed by magnetic fields exceeding 20 kOe. Further-

will require further study. more, as inferred from the behavior of both the magnetoca-
loric effect and isothermal magnetization, both ferromagnetic
E. Comparison of Pr;Ni; ¢Sis and PrNi and antiferromagnetic components are present in the mag-

) ] ) _ netic ground state of the material, which is related to the

Both intermetallic compounds contain approximately 5O0specifics of its crystal structure and may result in a complex
at. % of Pr, but as we showed above, their thermal and magspin structure. The heat capacity and magnetocaloric effect
netic properties are quite different. The ternargNr{ oSis  of PrNi confirm that it orders ferromagnetically at 19 K.
orders magnetically at-50 K and it undergoes a ferrimag- Both PgNi, oSi; and PrNi exhibit moderate magnetocaloric
netic transformation upon further cooling. The binary PrNigffects. The maximum MCE for PXi; oSiz is 3.4 K and it is
has a ferromagnetic ground state, as was established Bbfor%bserved at 50 K for a magnetic field change from 0 to 75
and confirmed by our heat capacity measurements. The cOgoe. The maximum MCE for PrNi is 4.2 K, which occurs at

plex behaviors of the heat capacity, the MCE, and the magig K for a magnetic field change from 0 to 100 kOe.
netization, exhibited by BNi; ¢Sis, likely reflect the com-

plexity of its crystal structure, bonding, and exchange
interactions. It is likely that the competition between ferro-
magnetic and antiferromagnetic ground states, as evidenced
by the behavior of the physical properties of the material, is We thank Dr. D.C. Jiles, Dr. T.A. Lograsso, Dr. B.N. Har-
related to the differences in the interactions within and beimon, and Dr. J.E. Snyder for useful discussions of the results
tween the complex trigonal prismatic columns found in thepresented in this work. This paper has been authored by lowa
crystal structure of RNi; ¢Siz. Furthermore, the distinct tri- State University of Science and Technology under Contract
angular configurations of Pr atoms create a basis for spiho. W-7405-ENG-82 with the U.S. Department of Energy.
frustrations and, therefore, may result in a complexThis work was supported by the Office of Basic Energy Sci-
temperature-dependent magnetic structure of the compoundnces, Materials Sciences Division of the U.S. DOE.
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