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Structural, electronic, and magnetic properties of LaNi5ÀxTx „TÄFe,Mn… compounds
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Structures and magnetic properties of the LaNi52xFex and LaNi52xMnx compounds have been investigated
using neutron diffraction and first-principles tight-binding-linear-muffin-tin-orbital methods. Both neutron dif-
fraction refinement data and total energy calculations show that the Fe and Mn atoms preferentially occupy the
3g sites in the hexagonal CaCu5-type structure. The calculated magnetic moments of Fe and Ni atoms are of
2.4–2.5mB and 0.2–0.5mB in LaNi52xFex , respectively. The magnetic structure exhibits more localized mo-
ments at Fe atoms in LaNi52xFex when x<1.0. Electronic structure calculations indicate thats-conduction
electron spin polarization from the Ni or La atoms strongly interacts with Fe~Mn! d-spin moments in
LaNi52xFe(Mn)x (xÞ0) compounds, which gives rise to a very large valence transferred hyperfine field on the
Ni or La sites. Thiss-d hybridization may lead to an interaction among magnetic clusters in these kinds of
materials and may cause a spin freezing effect at low temperature when the Fe~Mn! content is very low in
LaNi52xFe(Mn)x . Mn atoms show magnetic moments of 3.0mB per atom due to a large exchange splitting in
LaNi52xMnx (xÞ0). LaNi4Mn is found to be ferrimagnetic, whereas antiferromagnetic exchange coupling
between the Mn atoms is preferred for LaNi3Mn2. Both ferrimagnetic and ferromagnetic exchange interactions
between Mn atoms are found in the LaNi2Mn3 compounds. The calculated results are in good agreement with
the experimental neutron data.

DOI: 10.1103/PhysRevB.63.014407 PACS number~s!: 75.50.Gg, 31.15.Ar, 75.20.Hr, 61.12.Ld
pe
w
ca
s
nic
r
e-
a

ly
t

-

ic
s
e

la
h

of
-
ac-

e

n.
I. INTRODUCTION

The investigation of the R-T (R5rare earth, T
5transition metal! interaction in 4f -3d intermetallic com-
pounds has been the subject of many theoretical and ex
mental studies.1–3 The R-T compounds are known to sho
interesting magnetic properties associated with both lo
ized moments of rare earth atoms and itinerant electron
the 3d atoms.4 There is considerable interest in the electro
structure of LaNi5 in regard to both its high capacity fo
hydrogen absorption5 and in its feature of having exchang
enhanced susceptibility.6 LaNi5 possesses the hexagon
CaCu5 structure~space groupP6/mmm) with one formula
unit ~f.u.! per unit cell. This crystal structure is extreme
simple ~see Fig. 1!, with Ni atoms occupying two differen
crystallographic sites, 3g and 2c, and La occupying the 1a
sites. The LaFe5 and LaMn5 intermetallics do not exist, how
ever, series of solid solutions exist for La(Ni,Fe)5 and
La(Ni,Mn)5,7–18which provide for the study of the magnet
properties of 3d electrons in these compounds. Both of the
series show some special magnetic features which dep
upon the concentration of Mn and Fe, such as spin g
behavior, which has been observed at low temperature w
0163-1829/2000/63~1!/014407~7!/$15.00 63 0144
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some amount of Ni is substituted by Fe or Mn.12–14

In order to study the structural and magnetic properties
LaNi52xTx (T5Fe,Mn! and investigate the effect of the lo
cal environment on the magnetic properties, neutron diffr
tion measurements of LaNi52xFex (0<x<1.4) and
LaNi52xMnx (0<x<2.0) have been carried out to determin

FIG. 1. The CaCu5 type structure of LaNi52xTx (T5Fe,Mn).
The large atoms are La, and the smaller atoms are Ni, Fe, or M
©2000 The American Physical Society07-1
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the crystallographic structures,17 and first-principles tight-
binding linear-muffin-tin-orbital ~TB-LMTO! method has
been applied to calculate electronic structure of LaNi52xFex
and LaNi52xMnx . Based on the results of the spin
polarization calculations, the site preference and magn
moments, as well as the hyperfine fields at nuclei have b
obtained and compared with experimental results.

After presenting the neutron diffraction patterns and
finement data of the crystallographic structures and magn
moments in Sec. II, some computational details are descr
in Sec. III. The calculated electronic structures, magne
properties, and the hyperfine fields are presented in Sec
together with further discussion and comparison with exp
mental results.

II. CRYSTALLOGRAPHIC STRUCTURES
AND MAGNETIC MOMENTS

LaNi52xFex and LaNi52xMnx samples were prepare
from elements with a purity of 99.99% or better by inducti
melting in a cold boat copper crucible followed by anneali
at 950 °C for one week. Both x-ray diffraction and neutr
diffraction were used to determine the structures of th
compounds. Neutron diffraction data were collected at l
temperature and room temperature at the University of M
souri research reactor and analyzed by a Rietveld struc
refinement program19. Figure 2 shows the typical neutro
diffraction patterns of LaNi4Fe at 20 K and LaNi3Mn2 at 30
K. All samples crystallize in the CaCu5-type structure. Fig-
ure 3 is a plot of the lattice parameters a and c of

FIG. 2. The typical neutron diffraction patterns of LaNi4Fe at 20
K and LaNi3Mn2 at 30 K. The bottom curves are the differen
between experimental data and refinement data.
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LaNi52xFex and LaNi52xMnx compounds. It is found tha
Mn and Fe substitution results in an increase of the lat
parameters. The relative unit cell volume expansion ra
are about 2.5% per Fe atom and 5.5% per Mn atom. T
larger expansion rate of Mn compounds is due to the lar
atomic radius of Mn(RMn51.31 Å) relative to Fe(RFe
51.27 Å). The magnetic moments of the atoms were refin
by fixing all the crystallographic parameters. The magne
moment of the La atom is fixed to zero for all compound
The refined atomic coordinates and average magnetic
ments on all sites are listed in Table I. From Table I, it
shown that the Fe and Mn atoms preferably occupy theg
sites consistent with the finding of the most previo
studies.9,10,13For the LaNi52xFex compounds, the total mag
netization increases with the Fe content. Since Ni is nonm
netic in LaNi5, a small magnetic moment on Ni atom
which increases with the Fe content, is induced by magn
Fe atoms. The increase of Ni magnetic moment with Fe c
tent is attributed to the enhanced Fe-Ni exchange interact
and is confirmed by the increase of the Curie temperatur
LaNi52xFex .17 For the LaNi52xMnx compounds, the averag
magnetic moments of the Mn atoms are 3.25, 3.0, a
2.45mB for x51.0, 1.5, and 2.0, respectively. The LaNi4Mn
compound has the highest magnetization of 3.94mB /f.u.,
while the net magnetization of LaNi3.5Mn1.5 is 1.86mB /f.u.
The net magnetization of LaNi3Mn2 tends to zero. The de
crease of magnetization is due to ferrimagnetic or antifer
magnetic exchange coupling between Mn atoms in
samples withx larger than 1.0. The magnetic moments of
atoms in LaNi52xMnx compounds are very small and d
crease to nearly zero whenx52.0.

III. COMPUTATIONAL DETAILS

The self-consistent TB-LMTO atomic-sphere
approximation~ASA! method has been employed to perfor

FIG. 3. The lattice parametersa and c of LaNi52xFex and
LaNi52xMnx compounds.
7-2
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STRUCTURAL, ELECTRONIC, AND MAGNETIC . . . PHYSICAL REVIEW B 63 014407
a scalar relativistic band calculation in the framework of t
local spin density~LSD! functional theory.20 This method
has been described in detail elsewhere.21,22 In our calcula-
tions, the exchange and correlation term takes the form
duced by Von Barth and Hedin.23 s, p, andd orbitals are used
for Fe, Ni, and Mn atoms, ands, p, d, andf orbitals are used
for La atoms. The atomic sphere radii are chosen using
automatic procedure developed by Krieret al.24 in such a

TABLE I. Refinement parameters of LaNi52xFex (x51.0 and
1.4! at 20 K and LaNi52xMnx (x51.0 and 2.0! at 30 K. n is the
occupation factor;x, y, z are the fractional position coordinates;m is
the magnetic moment (mB). RBragg is the BraggR factor, Rexp is
statistically expected residual error of entire measured scatting
terns,Rmag is also BraggR factor but applied to magnetic intens
ties.

RBragg54.01% Rwp56.79%,Rexp53.57%
LaNi4Fe n x y z m

La(1a) 1 0 0 0 0
Ni(2c) 1 2/3 1/3 0 0.36
Ni(3g) 0.67 0.5 0.5 0.5 0.36
Fe(3g) 0.33 0.5 0.5 0.5 2.11

LaNi3.6Fe1.4 RBragg52.91% Rwp57.33% Rexp52.48%

La(1a) 1 0 0 0 0
Ni(2c) 1 2/3 1/3 0 0.48
Ni(3g) 0.53 0.5 0.5 0.5 0.48
Fe(3g) 0.47 0.5 0.5 0.5 2.09

LaNi4Mn RBragg54.34% Rwp54.64%,Rexp53.85%

La(1a) 1 0 0 0 0
Ni(2c) 1 2/3 1/3 0 0.21
Ni(3g) 0.67 0.5 0.5 0.5 0.14
Mn(3g) 0.33 0.5 0.5 0.5 3.25a

LaNi3Mn2 RBragg55.13% Rwp55.69%,Rexp52.36%

La(1a) 1 0 0 0 0
Ni(2c) 1 2/3 1/3 0 0.04
Ni(3g) 0.33 0.5 0.5 0.5 0.06
Mn(3g) 0.67 0.5 0.5 0.5 2.45a

aThe Mn moments given in Ref. 17 were smaller than given in t
table due to the failure to take into account the absence of a ce
symmetry in the magnetic unit cell.
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way that space filling is achieved without exceeding tw
atomic spheres overlap of 16%. Both down foldin
techniques25 and the tetrahedron method26 have been used in
the calculation. The calculation is performed for 512 k poin
in the irreducible parts of the Brillouin zone. The atom
positions of LaNi52xFex and LaNi52xMnx are scaled accord
ing to our experimental results shown in Fig. 2. Converge
is assumed when the root-mean-square error of the s
consistent total energyEtotal is smaller than 1026 Ry.

The calculations have been performed for LaNi52xTx (T
5Fe, Mn! with x50.5, 1.0, 1.5, 2.0, and 3.0. Forx50.5 and
1.5, supercells with La2Ni9T and La2Ni7T3 have been used
~see Table II!. For LaNi52xFex with x52.0 and 3.0, due to
the fact that experimental lattice parameters are not av
able, we have linearly extrapolated the experimental data
obtained lattice paramters ofa55.081 Å, c54.049 Å, and
a55.202 Å,c54.097 Å. For LaNi52xMnx with x53.0, the
extrapolated lattice paramters area55.312 Å, c54.221 Å.

In order to study the site preference, the total energy
the unit cell was calculated for Fe and Mn atoms occupy
different crystallographic sites, namely, 2c or 3g. The Mn
atoms in the 3g sites have been assigned as 3g-1, 3g-2, and
3g-3, which are assumed as magnetically inequivelant
to the ferrimagnetic or antiferromagnetic structures of
Mn containing compounds. The total energies were also
culated when the magnetic moments of Mn atoms in theg
sites are antiferromagnetically or ferromagnetically coupl

From self-consistent charge density calculated, the Fe
contact hyperfine fieldsHFC of LaNi52xFex and LaNi52xMnx
were calculated according to the prescription given by A
et al. for scalar-relativistic calculations.27 For the scalar-
relativistic wave functions used in the hyperfine field calc
lation, the effective spin density at the nucleus was compu
following Ref. 28 by averaging over a small region near t
nucleus with a diameter ofr T5Ze2/mc2 (r T is Thomson
radius,Z is nuclei charge number!.

IV. ELECTRONIC STRUCTURES AND HYPERFINE
INTERACTIONS

Figure 4 shows the total densities of states~DOS! for
LaNi52xFex (x50.0, 1.0, 2.0, and 3.0!. LaNi5 is paramag-
netic, and the Fermi level lies near the minimum of the to
DOS. After Fe substitution, the total DOS of all the com
pounds show exchange splitting, and the Fermi level

at-

s
ter
.

TABLE II. The calculated magnetic moments (mB) of atoms in LaNi52xMnx (x50.5, 1.0, 1.5, 2.0, and
3.0!.

x 0.5 1.0 1.5 2.0 3.0
Theor. Theor. Expt. Theor. Expt. Theor. Expt. Theor

La(1a) 20.06 20.14 0 20.03 0 0 0 20.09
Ni(2c) 0.11 0.23 0.21 0.11 0.09 0 0.04 0.13
Ni(3g) 0.12 0.27 0.14 0.24 0.11 0 0.06
Mn(3g-1) 2.98 3.14 3.25 3.03 3.0 3.11 2.45 3.14
Mn(3g-2) 23.33 23.0 23.31
Mn(3g-3) 3.03 3.0 23.11 22.45 3.14
7-3
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above the top of spin up DOS. As expected, the DOS
dominated by the Fe and Nid bands near the Fermi leve
The DOS shape of the Ni atoms becomes broader afte
substitution as compared with that in LaNi5, and shows a
dependence on the Fe contents due to the interaction bet
the Fe and Ni atoms. The Fermi level lies nearly above
top of both the spin up and spin down DOS of the Ni atom
and a very small exchange splitting was observed. The
down DOS of the Fe consists of one peak forx50.5 and 1.0
compounds, but a continuous region is formed as the
content increases. This is a consequence of the interac
between Fe-Fe, Fe-Ni, and Fe-La broadening the Fed
bands. The calculated magnetic moments of the differen
oms and the total magnetic moments for LaNi52xFex are
shown in Fig. 5. As a comparison, we have included so

FIG. 4. Total densities of states of LaNi52xFex (x50.0, 1.0, 2.0,
and 3.0!.
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available experimental data in this figure. The calculated
sults are in good agreement with the experimental results
atoms possess magnetic moments as large as 2.5mB due to a
very large exchange splitting and strong ferromagnetic ch
acteristics. Since LaNi5 is paramagnetic, then due to the d
lution effect, the Fed bands tend to be narrower and mo
localized when the Fe concentration is low. This can expl
why the magnetic moments of the Fe atoms are higher t
those of a-Fe. Ni atoms have magnetic moments in t
range of 0.2–0.5mB . The magnetic moments of the Ni atom
increase with Fe content, which is in agreement with
neutron refinement data. The La atoms have a negative
ment which is induced by the Fe atoms.

The calculated hyperfine fields of the different atoms
shown in Fig. 6. As a comparison, some available exp
mental hyperfine fields are shown also in Fig. 6. Again,
calculated results agree well with experimental data.13 Fur-
ther, the hyperfine field can provide us with more details
electron interactions in the compounds. We decomposeHFC

into two partsHFC
core, which is the contribution of the core

electrons and comes from the polarization of the core du
the polarizedd electrons andHFC

val , which comes from the
polarization of the valence electrons. TheHFC

coreandHFC
val con-

tributions ofHFC are also shown in Fig. 6. TheHFC
val values of

Fe atoms are higher than the normal values of the 3d metals
( 25 T), and have positive signs.

The magnetic moment (m loc) dependence of theHFC,
HFC

core, andHFC
val at Fe sites is shown in Fig. 7. Obviously,

linear relationship between theHFC
core and local magnetic mo-

ments is observed, and the proportionality coefficient is e
mated to be about215T/mB , whereas the valence contribu
tion and total hyperfine field are not proportional to t

FIG. 5. The calculated magnetic moments of different atoms
LaNi52xFex and total magnetic moments in a unit cell. The hollo
symbol represents the experimental values which were measur
a magnetic field of 6 T by using SQUID.
7-4
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STRUCTURAL, ELECTRONIC, AND MAGNETIC . . . PHYSICAL REVIEW B 63 014407
magnetic moments. This is the reason why the magnetic
ments obtained from Mo¨sssbauer measurements in Ref.
are much lower than the magnetic measurements d
though the transfer factor (14.5 T/mB) is almost the same in
our result (15 T/mB). Hence, it can be seen thatHFC at the
Fe sites is affected by two factors,m loc and the polarization
of the valence electrons. Therefore estimations of the m
netic moments from the hyperfine field are not totally corr

FIG. 6. The calculated hyperfine fields of different atoms
LaNi52xFex . The hollow circles represent the experimental hyp
fine fields which are taken from Ref. 13.

FIG. 7. The dependence ofHFC
core and HFC

val at Fe sites on Fe
magnetic moments (mFe) in LaNi52xFex .
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if one uses a proportionality factor, especially when co
pounds have a large valence hyperfine field.

HFC
val consists of two terms, one is the local valence hyp

fine field HFC
l ,val which comes from thes-d exchange interac-

tion within the atoms and is proportional to the local ma
netic momentsms of thes electrons~normally it is positive!;
another is the transferred hyperfine fieldHFC

t,val which comes
from the s-d hybridization between thes orbitals of the at-
oms and the spin-polarizedd orbitals of the neighboring at
oms. Normally, this term is negative. ThusHFC

val may reveal
s-d hybridization among the metal atoms. As evidenced
Fig. 6, very large positive values ofHFC

val for Fe atoms were
obtained, suggesting a strongs-d hybridization occurring
within the Fe atoms that decreases with increasing Fe c
tent. This effect causes Fe 3d electrons to be more localize
and have higher magnetic moments, especially when N
substituted by a small amount of iron (x<1.0). For the Ni
and La atoms, the valence hyperfine fields are negative
dominateHFC, meaning that the Ni and Las electrons are
strongly polarized by neighboring Fed moments via the
Ruderman-Kittel-Kasuya-Yosida~RKKY- ! like mechanism.
This interaction may lead to an oscillating spin density of t
s electrons and could be the reason some magnetic clu
are coupled by an RKKY-like interaction resulting in th
spin freezing observed in LaNi52xFex .14,15 Here, because
LaNi5 is paramagnetic, the RKKY-like interaction will b
very important only when a small mount of Ni is substitut
by Fe. For higher Fe concentrations, this system undergo
transition to ferromagnetic ordering.17

In order to check the site preference of Mn
LaNi52xMnx compounds, we have performed the total e
ergy calculation when the Mn atoms occupy different sit
The calculated total energy for Mn occupying 2c sites is 9
mRy higher than that for Mn occupying 3g sites, which
means it is more stable for Mn to occupy the 3g sites. The
calculated total energies of Fe-substituted compounds
indicate that the Fe atoms prefer the 3g sites. The total en-
ergy is 8 mRy higher for one Fe atom occupying the 3g sites
than that in 2c sites. Antiferromagnetic or ferrimagnetic ex
change between Mn in the 3g sites is presented when 2 or
Mn atoms are located in these sites. This agrees with
neutron refinement, where a ferrimagnetic~antiferromag-
netic! model gives the best fit forx52.0, while a ferromag-
netic model gives the best fit forx51.0.

The DOS of LaNi52xMnx (x51.0, 2.0 and 3.0! are shown
in Fig. 8. The most interesting thing is the magnetic inter
tion feature between Mn atoms in these compounds.
DOS shape of Mn is dependent on the number of the
atoms in a unit cell. All Mn atoms have a large exchan
splitting indicating strong ferromagnetic character. T
Fermi level is located above the top of the spin up DOS, a
is just below the main peak of the spin down DOS, whi
results in a magnetic moments of 3mB per Mn. The Fermi
level is almost above the top of both the spin up and s
down DOS of all the Ni atoms, so that a very small magne
moment is produced. Whenx52, the antiferromagnetic cou
pling between two Mn atoms on the 3g sites causes a zer
magnetic moment on both the Ni and La atoms. Whenx

-

7-5
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FIG. 8. Total densities of states of LaNi52xMnx (x51.0, 2.0, and 3.0!.
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53, a ferrimagnetic structure is formed as shown in
DOS. The calculated magnetic moments of these compou
are listed in Table III. For comparison, we have includ
some experimental data. Again, the theoretical results a
with the neutron refinement data. Here we should point
that for the Mn-substituted samples, the magnetic structu
of the compounds depend on the number of Mn atoms
these compounds. For LaNi52xMnx , x52 results in an anti-
ferromagnetic structure, andx53 leads to a ferrimagnetic
01440
e
ds

ee
t

es
in

structure, whereasx51.0 is ferromagnetic. The calculate
hyperfine fields of Mn are listed in Table III. Similar t
LaNi52xFex , a large valence contribution to the hyperfin
field was found for Mn atoms due to the strongs-d localized
hybridization within Mn atoms. La and Ni atoms also sho
large valence transferred hyperfine fields, as mentio
above, which indicates that the Ni-Mn and La-Mn intera
tions have a RKKY-like mechanism. This could be the re
son for spin freezing in La(Ni,Mn)5 compounds.12
TABLE III. The calculated hyperfine fields~T! of atoms in LaNi52xMnx (x50.5, 1.0, 1.5, 2.0, and 3.0!.

x 0.5 1.0 1.5 2.0 3.0
HFC HFC

val HFC HFC
val HFC HFC

val HFC HFC
val HFC HFC

val

La~1a! 252.0 259.6 2113.0 2129.7 243.2 247.7 0 0 276.5 265.8
Ni~2c! 20.6 20.4 211.7 27.5 25.2 24.5 0 0 211.7 29.4
Ni~3g! 23.3 22.1 213.6 29.9 24.3 23.4 0 0
Mn~3g-1! 220.0 18.4 223.1 17.9 223.8 15.5 213.8 26.7 217.4 23.3
Mn~3g-2! 20.2 222.9 13.8 226.7 4.9 237.6
Mn~3g-3! 223.8 15.5 217.4 23.3
7-6
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V. CONCLUSIONS

A systematic study of the magnetic moments and hyp
fine interactions of the LaNi52xFex and LaNi52xMnx com-
pounds was performed using the LSD approximation and
TB-LMTO-ASA method. The calculated results were com
pared with neutron diffraction data and found to be in go
agreement. Fe atoms exhibit more localized magnetic
ments in LaNi52xFex when the Fe contentx is lower than
1.0. The calculated magnetic moments of Fe approach va
as large as 2.5mB due to the dilution effect. The strongs-d
hybridization between the Ni and La atoms and the neigh
Fe~Mn! in the Fe~Mn!-substituted samples results in a lar
transferred valence contribution to the total hyperfine fie
This s-d hybridization confirms that some magnetic cluste
are coupled by an RKKY-like interaction in th
K.
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LaNi52xFe(Mn)x compounds with low Fe~Mn! content at
low temperatures. Both Fe and Mn atoms prefer to locate
the 3g sites. The Mn-substituted samples exhibit both an
ferromagnetic and ferrimagnetic structures depending u
the number of Mn atoms in one unit cell. A magnetic m
ment of 3mB per Mn is calculated for the LaNi52xMnx com-
pounds.
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