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Neutron diffraction and magnetic susceptibility studies of; (LiFe)NiPO, (x=0 andx=0.033) com-
pounds reveal remarkable differences between the magnetic properties of pure Lavi€@ose of its lightly
iron-doped derivative. The spin system associated with tR& Mins (S=1) in the pure compound undergoes
a collinear antiferromagnetic ordering &=19.1+0.5 K, with the characteristics of weakly coupled two-
dimensional2D) Ising square planes. By contrast, randomly intercalated iron $jpins sites) between Ni*
planes comprise a spin-glass-like subsystem which, despite their minute amount, drives the antiferromagnetic
transition to higher temperaturd@q,=25.2+-0.5 K, and significantly modifies the critical behavior of the 2D
Ni2* system. It is argued that the doped compound can serve as a model system for studying the randomly
coupled planar Ising modelS0163-182609)15425-Q

I. INTRODUCTION of octahedral sites and P ions that are in tetrahedral sites. The
NiOg octahedra are corner shared and cross-linked with the

The physical and chemical properties of metal oxidesPO, tetrahedra, forming a three-dimensional network, with
such as phosphates and silicates are of interest becausetofinels along th¢010] and[001] directions occupied by Li
their potential applications in the areas of ion exchange, inions. However, the structure is closely packed compared
tercalation, sorption, catalysis, and othkfBhese materials with other Li-metal phosphatésallowing for little ionic
exhibit a variety of structural features, the most prominent ofhopping. In principle, Li mobility can be increased by intro-
which is the existence of tunnels in which small ions canducing vacancies in the Li sites, by exchanging several Li
move freely; a property that makes them potential hosts forons by a single di- or trivalent transition metal ion, preserv-
the insertion and extraction of ions as cathode materials ifng the charge balance in the system. Such substitutions by
rechargeable batteriés® In addition, depending on the Fe* for three Li* ions yielded (Li_3Fg)NiPO, for x
choice of metal ions, well-defined low-dimensional systems=0, 0.03, 0.06, and 0.1 as identified by bothi and 3P
in the form of chains or layers of magnetic ions can be idenNMR spectra and Mssbauer measurements.Our neutron
tified in these compounds, making these materials suitablscattering studies are aimed at shedding light on the feasibil-
candidates for exploring low-dimensional physical systéms.ity of such an approach to increase the Li mobility.

LiNiPO, belongs to the olivine family of lithium ortho- All members of the LM PQ, family (M =Mn, Fe, Co, Nj
phosphates IM PO, (M=Mn, Fe, Co, and Ni(Ref. 3 with  contain buckledV O layers that are stacked along thexis.
space groufPnma It has an elongated axis, of length that There is a relatively strong antiferromagnetid=) coupling
is about twice theéb and c cell constant$,with a structure between nearest-neighb@XN) transition-metal ions in the
that is comprised of nearly close-packed oxygen atoms iplane by superexchange interaction through an oxygen bond
hexagons, with Li and Ni ions that are located at the centeM-O-M.8-° However, there is no direct or superexchange
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coupling between the moments in different planes, and only ' ' ' : : ' '
higher-order exchange interactions involving the phosphate LINiPO,
group are possibleM-O-P-OM as suggested by Ma¥/s. 2000 F A=2.356 A
This strongly suggests that these systems exhibit quasi-two- ]
dimensional(quasi-2D magnetic behavior. i
Here we report on structural and magnetic neutron
scattering and magnetic susceptibility studies of 1000
(Li;_3Fe)NiPO, (x=0 and 0.038 Santoroet al®° re-
ported on the magnetic structure and susceptibility of the
LiIMPQ, group M =Fe, Co, Mn, Nj; however, due to the
weak magnetic intensities from LiNiRQhe magnetic struc-
ture was not fully determined.in reexamining the pure
LiNiPO, compound we wish to elaborate on previous studies
in two respects by determining the magnetic structure of
LiNiPQy,, including the magnitude and direction of the mag-
netic moment$2 and by characterizing the 2D nature of the
magnetic system as discussed above. Then, by comparing the™ 19gg L
pure system to the iron-doped one, the effect of minute mag-
netic impurities inserted between the NiO planes can be bet- ; ‘
ter understood. In the past, randomly distributed atomic sub- or NN L R s
stitutions in pure compounds yielded intriguing as well as Lo
useful systems such as doped semiconductors, spin glass ma ekt
terials, and superconductors. Such substitutions can have ' ' : ' ' '
profound eﬁects on electronic band structures and on critical 20 40 60 80 100 120 140
phenomena. As demonstrated below, a minute amount of Fe 26 (Degrees)
substitution in LiNiPQ dramatically modifies the magnetic
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FIG. 1. Neutron powder diffraction patterns at 10 K and at 294

properties of the pure compound. K of LiNiPO,. The solid lines are fits to the data usiRnma
symmetry with the structural parameters in Table I; the lower
Il. EXPERIMENT dashed line is the difference between the measgtedymbols

and the fitted curve.

Neutron scattering measurements were carried out on the
HB-1A triple-axis spectrometer at the High Flux Isotope Re-were characterized by x-ray powder diffraction method, us-
actor (HFIR) at Oak Ridge National Laboratory. A mono- ing CuK« radiation, confirming a single phase. Mbauer
chromatic neutron beam of wavelengih=2.368 A (k, experiments indicated that all of the the iron ions are 6f'Fe
=2m/N=2.653 A~') was selected by a double monochro- type in a single phase, with a minute secondary pliess
mator system using th@02) Bragg reflection of highly ori-  than 2%, corresponding to the LFe,(PQ,); phase, which
ented pyrolytic graphitdHOPG crystals. Thex/2 compo-  was not observed in the x-ray diffraction.
nent in the beam was removétb better than 1.3 parts in
10*) by a set of HOPG crystals situated between the two
monochromating crystals. The polycrystalline samplek
volume~8 cnt) were sealed in thin-walled vanadium cans  A. Two-dimensional antiferromagnetism in pure LiNiPO,
under He environment and mounted in a HeliplgxPD
Cryogenics Ing. closed-cycle He refrigerator for measure-
ments. The collimating configuration used was To determine the purity of the sample and the variations
40',40',S,34',68 . Magnetic susceptibility measurements upon cooling below room temperature, neutron powder dif-
were performed on a superconducting quantum interferencieaction patterns were collected in th® eange 10°-140° at
device (SQUID) magnetometeQuantum Design MPMG 294 K and 10 K. The structure was refined using the Rietveld
on the same samples that were used for the neutron scatteringethod with thesas program'® The structural parameters
experiments. of LiNiPO, determined by Geller and Durdrand refined by

LiNiPO, was prepared by solid state reactions of LiOH, Abrahams and EassBhwere used as initial parameters for
Ni(NO3),-6H,0, and HNH,4PO,. For the doped phases, the fitting. Due to the presence of Li in the sample, absorp-
Fe(NG;)3- 9H,0 was included as a starting component. Thetion corrections were calculated and accounted for in the
starting materials were ground together in an agate mortagnalysist® Figures 1a) and ib) show the diffraction pat-
and the resulting mixtures were heated at 573 KIfdr and  terns at 10 K and 294 K for LiNiP© The cell dimensions
subsequently at 923 K for another hour to decompose thand atomic positions, listed in Table I, are consistent within
phosphates and nitrates. The resulting mixture was then keptror with those determined by Abrahams and Eas8dine
for 20 h at 1023 K with an intermediate regrinding after 10 h.thermal factor for Li is much higher than that of other atoms
The final products were then quenched from 1023 K to roonas expected for a lighter and smaller ion.
temperaturé>!* The contents of Li, Fe, Ni, and P in the At low temperatures a new set of reflections, which can
products was determined by ICP-AES analysis confirmingoe indexed based upon the chemical unit cell, is observed, as
the chemical formula (Li 3,Fe)NiPO,. The compounds is shown in the difference between the calculated fit and the

IIl. RESULTS AND DISCUSSION

1. Neutron diffraction
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TABLE I. Structural parameters of LiNiP£at T=10 K and afT=294 K obtained from the diffraction
data shown in Fig. 1. The model structure lRasmasymmetry.

T=294 K

Atom X y z Ux 100 (A2

Li 0.0 0.0 0.0 1.83)

Ni 0.27611) 0.25 0.98115) 0.337)

P 0.094%4) 0.25 0.41707) 0.20112)

0o(1) 0.09894) 0.25 0.74348) 0.5612)

02 0.45223) 0.25 0.20196) 0.0011)

o) 0.16623) 0.04154) 0.27734) 0.31(7)

a=10.09275) A b=5.89053) A c=4.705@2) A Cell volume =279.782) A®
T=10 K

a=10.073810) A b=5.87685) A c=4.69694) A Cell volume =278.074) A®

measured data in Fig. 1. To minimize thermal effects, thered rectangular lattice with=5.8 A andc=4.7 A, see
diffraction pattern was measured 50 K and subtracted Fig. 3). These buckled NiO layers are orthogonal to the
from that measured al=5 K as is shown in Fig. 2. To axis and are about 5.0 A apart. The distance between nearest-
account for the extra reflections we follow Santetcal®*°  neighbor Ni ions in adjacent planes is 5.8 A. The magnetic
in their analysis of the magnetic structure oMIPO, com-  structure factor for a generah(k,|) reflection can be readily
pounds and propose that they are due to the AF ordering afalculated on the basis of the magnetic model shown in Fig.
Ni?* (S=1). The model is such that Ni (S=1) ions lo-  3:
cated af;+¢€,3,— 4], [2—¢€, L,3— 6] (referred to as sites
Nil and Ni2 are antiparallel to one another and the ions at FNi:4MNifNi(Q)Sir{ 7T<2h6+ E_2|5> Cos(lh)
[1—¢ 5 6], [1+e 51+ 5] (Ni3 and Ni4 are anti-parallel 2 2
to the first pair, as depicted in Fig. 3. He¢e=0.026 ands for even I’s,
=0.018 as determined from the powder diffraction analysis
ah
sin( 7) forodd I's,

with different spin orientations. The Ni spin systéat posi- )
tions Nil and Ni2; see aboyspans a buckled rhombus lat-
tice with an edge lengtlii.e., nearest-neighbor distance  wheref;(Q) is the magnetic form factor of Rif at momen-
=3.81 A and an angle.~101.4° (or, equivalently, a cen- tum transferQ= 2Kk, sin 6, and uy; is the average magnetic

moment of the Ni™ ion. To extract the average ordered

(see Table)l The magnetic model is similar to that of the
magnetic moment and its directiogy{ is a unit vector in the

k
isostructural compounds MPO, (M=Mn, Fe, Co but 4,uNifNi(Q)co{w(2he+ 5—2I 5)

| (LA AL R T T T

————
1000 - LigFe(_NiPO, .

"g . c

o 800 e PP

S C

2 i

13} L

~ 600 @ ¢

; . (o] ¢ [} ¢

X [

B 400 O = Ni

= bbb o

2 200Ff o = Li

0 - .

= o= Li

R
BESSae:

T

20 (deg.)

FIG. 2. The difference between diffraction patterns takei at
=5 K andT=50 K for pure LiNiPQ (lower par} and impure FIG. 3. Depiction of the magnetic structure model of LiNiRO
(Li,_3Fe)NiPO, (upper part These extra reflections are due to showing the projection of four unit cells onto thec plane(phos-
the antiferromagnetic ordering of the®ispins §=1) and can be phorous and oxygen atoms are omijte@ihe Ni atoms form two
indexed based on the chemical unit cell. The solid lines are the begntiferromagnetic buckled layers that are orthogonal taathgis at
fits to the data with the AF models as described in the text. Notice<:% (solid circles and atx:f (open circleg, wherex represents
that the(200) magnetic reflection is stronger for the impure samplethe fractional position along theeaxis. Dashed line rhombus shows
(upper curvg, indicating stronger couplings between the planesthe 2D magnetic unit cell. Li atoms form flat layers at the 0
when Fe is inserted into LiNiPO (solid circles and atx:% (open circles
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L B which yields ag=0.12+0.01 and a Nel temperatureTy

LiNiPO, =19.1+0.5 K. The value of the critical exponeptis con-
g=0.12 7] sistent with the layered nature of the spin system and, in fact,
1 is very close to the exact theoretical value of the 2D square
" 2D = 3D Long 20 Short Paramagnetic | Ising model (3=0.125)2! Similar observations concerning

Range Order layered Nf* in other systems have been reportéth par-
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10 ; % ] ticular, in the case of KNiF,, despite the fact that the spin
- ?\ . Hamiltonian is isotropic, additional weak anisotropy domi-
: N nates the behavior at the critical region, giving rise t@ a
- ) \ =0.14 (Ref. 23.

02l Ty=19.0K \\ ] To construct a Hamiltonian for the spin system we recall
T i R S that the in-plane superexchange interaction of nearest neigh-
0 10 20 30 40 50 bors in LiNiPQ,, J,p, through the Ni-O-Ni path is expected

Temperature (K) to be much stronger than that between nearest interplane

) ) ) ) neighbors,J, , with a Ni-O-P-O-Ni path, which is of a
FIG. 4. The normalized intensity of tH@10) AF reflection vs  pigher order perturbatiol. These couplings are generally
temperaturdl. The solid line is a fit to the power law function, Eq. isotropic where anisotropic terms are usually very small.

(3), yielding aTy=19.1+0.5 K and 8=0.12+0.01. The dotted o N
and dashed lines are fits to the data using the staggered magneti '?a'tere we argue that the Ising-like behavior is invoked by a

: ) : . ocal perturbation term of the form-D(S?)? due to crystal
tions M,(T) and Mo, respectively, as discussed in the text ield epffects and spin-orbit couplirg Tr(1is)term is comymon
Above Ty elastic scattering is observed due to the finite correlationsf o Ip . . piIr .I hombi

in the 2D system. Below\, the magnetic system has long-range 2D to transmon-met.a lons |2+an axial or T Om,'c Sy”?”.‘e”y
order with weak interplanar correlations, abolg the system has (Refs. 25_28Wh'Ch’ for NF™, leads tg a Zero-fleld splitting
short range 2D correlations, and 640 K the magnetic system Of the triplet, into a doublet and a singlet. With the above-
is in the paramagnetic phase. mentioned arguments we propose the following spin Hamil-

tonian for this highly anisotropic magnetic system:

direction of the moment the magnetic diffraction data in
Fig. 2 are fitted to the calculated intensity H:Er _JZD; 5r'5r+j—\]¢z| S-S.—-D(S)2|, (4

_ ALFni(Sni—Sni- K)ro]? (22  Where r labels the Ni spins in the 3D structure, and j labels
sin(@)sin(2¢) the four in-plane and | labels the interlayer nearest-neighbor
Ni sites. ForD>0 the ground state of the spin system is
whereA is a known scale factor determined from the fitting doubly degenerate and the only transformation that leaves
procedure to the nuclear diffraction patteffig. 1), < is a  the ground state invariant is the one in whigh——Sf.
unit vector in the direction of the scattering vect@<£k;  According to the universality hypotheg&the critical be-
—ky), and ro=0.269<10 %2 cm. Four adjustable param- havior of a spin system is dominated by the ground state of
eters were refined in the fitting procedure: the magnitude othe free spin, and thus, by virtue of the zero-field-splitting
the average magnetic momepl;, the angles that the term, the Nf* spin system resembles that of tBe 3 Ising
magnetic moments make with respect to ¢taxis in thea-c model forlwhich the spontaneous staggered magnetization is
crystallographic plarf@ (cos¢=sy;- k), and two global 9/VeN by
peak-shape parameters. The magnetic Bragg peaks are as- -
sumed to be of Gaussian shape with a widthhat varies MIo(T)=MT(0)[1—sinh 4(2J,5/T)]*8, (5
linearly with the scattering anglef2as A(260)=Aq+26A, -
over the @ range shown in Fig. 2. The solid line in Fig. 2 is whereJ,p is an effective Ising coupling. Although close to
the best fit to the experimental data, yielding an angle the transition temperature, E(b) fits the order parameter,
=0=x3°; i.e., the magnetic moment points in thaxis di-  with J,p=—8.4 K reasonably welldotted line Fig. 4, a
rection. The extracted average magnetic monggsit (2.83  significant difference between the measured and calculated
+0.1)ug per Ni atom. The(200 magnetic reflectionfat  order parameter is observed at lower temperatlire Ty).
200200y=27.24°; see Fig. Ris weaker in intensity than the This deviation, as we argue below, is due to the spatial cross-
model predicts, indicative of poor correlations between theover from the 2D to the 3D ordering caused by the weak
magnetic planes, even at temperatures as low as 2 K. interlayer nearest-neighbor average couplidg)( Just be-
Figure 4 shows the normalized integrated intens{fy)  low the onset of the 2D long-range order, the interaction
of the (010 reflection as a function of temperature. The in- petween staggered magnetizations of adjacent lafadter
tensity of the magnetic peak depends on the AF staggere@normalization of the exchangean be approximated by the
magnetization (T)~|M'(T)|?, which is also the order pa- 1D Ising model. Although the 1D system does not order at
rameter of the magnetic system. As a first step in the charany finite temperature, the magnetization at zero magnetic
acterization of the spin systefspin symmetry, in particu- field and the correlation length grow exponentially as the
lar), we assume a power law function for the order parametefemperature is lowered ad;p,~e?:'T. Therefore, in this

approximation the order parameter in the crossover from 2D
MT(T)/MT(0)=A(1-TITy)?, (3)  to 3D, Eq.(5), is modified to
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characteristic of a paramagnetic system, with a broad mini-
mum atT,~22 K, indicating an AF transition. Using the
Curie-Weiss lawy(T)=C/(T+6) and C=Na(gug)>S(S
+1)/3kgT to fit to the measured inverse susceptibility
1/x(T) (dashed line in Fig. byields an effective moment
©n=(3.220.1)ug (9=2.26) andd=74+=2 K. Similar re-
sults are also obtained from the exact treatment of the spin
Hamiltonian in the molecular fieldMF) approximation as
shown below. At high temperaturds>J,p (and neglecting
the interlayer exchangg, ), the Hamiltonian in Eq(4) can,

in the MF approximation, be written as follows:

1
H=—gug H;'S,+ S (H'S_+HS,)|-DS;, (7)

whereH®T=\M; A=J,5(gug)’Np)/z (M is the magneti-
zation,z=4 is the number of in-plane NN's, and.=H,
*iHy, S.=§*iS)). In the MF approximationy*(T)
=xo/(1—\xg), whereyg is the free spin susceptibility in
the absence of exchange with the magnetic field parallel and
perpendicular ¢=|| and_L, respectivelyto the quantization
axis. It is then calculated in the usual way:

Ty — EXNT
Xo(T) ZHQZ dH,

e i,

where Z is the partition function. The energy levels in the
absence of an exchange interaction=0), E{*, can be ob-
tained by diagonalization of the>X33 matrix associated with
Eq. (7), in particular, forH,

FIG. 5. (@) Magnetic susceptibility and its inverse versus tem-

perature for LiNiPQ. The linear fit to the datédashed lingin the
paramagnetic regimé&0-300 K), is the Curie-Weiss law with an
effective magnetic moment @fyS(S+1)=(3.2+0.1)ug. (b) In-
verse magnetic susceptibility in the vicinity of the antiferromagnetic
transition. The solid line is a linear combination of the parallel and
perpendicular susceptibilities of the plane square Ising model.

MIo(T)~eX L TMI(T).

(6)

EO) = 0, (8)

D D?
— 57\ 7 T(QreHL)? E@=-D. (9

Equations(8) and (9) show that at zero magnetic field the
triplet is split into a singlet and a ground state doublet. Using
this procedure to fit the susceptibility in the temperature

ECY=—-DFgugH,

and forH, ,

EE=D=

Fitting the measured intensity in Fig. 4 with E) (al-
though it fails at very low temperatureb<4 K) yields
Jop=—8.4+0.2 K andJ, =-0.4+0.02 K.

At temperature§ =T, the magnetic scattering persists in  In accordance with the neutron scattering analysis and the
the form of diffuse scattering to almosTg before reaching topology of the Ni planes, we assume that the appropriate
the background level. Such quasielastic scattering at thmodel to characterize the system in the temperature range
nominal(010) is due to the finite integration of the resolution 4-50 K is the square lattice Ising antiferromagnet, with the
function of the spectrometer over the scattering along theimplified Hamiltonian
(h0O0) rod, originating from the 2D short-range order above
Tn- Such behavior is characteristic of the 2D Ising model
where the correlation length remains finite up to ab®ut
~2Ty (Ref. 22

range 50-300 K yieldg=2.36+0.02, J,p=26*+3 K, and
provides only an upper limit to the absolute value of the
zero-field splitting,|D|<25 K.

H= _32D02j) SiZSjZ_g:u’BHZEi S 91U~BH><2i S
(10

where the interactions of spins with the magnetic fields along
and perpendicular to the axis of quantization are also in-
The magnetic susceptibility versus temperaty(&), for  cluded. The properties of the Hamiltoni&h0) for a variety
pure LiNiPQ, was measured in the temperature rangeof lattices were thoroughly investigat@dnd are well under-
4-300 K, as shown in Fig. 5, and was found to be practicallystood now. The parallel susceptibility;(T) for the plane-
independent of magnetic fieldip toH=5 T) except for a square antiferromagnet was calculated by Sykes and Bisher
very subtle field dependence at very low temperatures, assing the series expansions method. Their calculation of
discussed below. The inverse magnetic susceptibiligfTy  x|(T) is given in terms of two sets of series, one for tem-
shown in Fig. 5 is linear in the temperature range 50—300 KperaturesT=Ty [Eq. (5.18, Ref. 31 and the other foiT

2. Magnetic susceptibility
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TABLE Il. The ratio A/B, whereA andB are the constants used
in Eq. (11) and determined from the fit to the susceptibility data for
the polycrystalline LiNiPQ at various magnetic fields. The de-
crease in the ratio at high fields is in qualitative agreement with the
energy levels being quadratic in the field due to the zero-field-
splitting termD. See text for more details.

H (G) A/B

50 2.527)
1000 2.476)
50000 2.305)

11, =2.2691...
| L L L | L

2 4 — 6 — 8 I .
T (K/J) combination of the two susceptibilities is constructed as fol-
lows:

0.014
X(M=Ax(T)+Bx, (T)+C, (11

0.013

T

whereA, B, andC are constants to be determined from the fit
to the data. The solid line in Fig.(I) represents the best fit
to the data as measuredkit=1000 G, using Eq(11) with
J=-8.83:0.1 K (Ty=20.0+0.25 K) and A=0.0350
+0.0004, B=0.0142+0.0002, andC=0.0057+0.0005 all
given in units of emu/mol. Ideally, for the sp®= 3 system,
the ratio A/B=3; however, experimentally a ratié\/B
=2.47+0.07 (for H=1000 G) is obtained, indicating that
i the susceptibility of the polycrystalline sample is dominated
0009 v v v o by the parallel component of E¢11) consistent with the
0 10 20 30 40 30 discussion above. Tha/B ratio was also extracted at vari-
TX) ous magnetic fields, as shown in Table Il. The gradual in-
FIG. 6. (a) Parallel and perpendicular susceptibilitigg(T) crease _in t_he contribution qu_(T) as t_he field is increased is
andy, (T), respectively of the plane-square lattice Ising antiferro- 1N dualitative agreement with the field dependence of the
magnet as calculated in Refs. 31 and @2 Magnetic susceptibility ~€nergy levels in Eq(9). Even at magnetic fields as high as
of LiNiPO, at low temperatures. The solid line is a fit to the dataH=50000 G, x|(T) dominates the susceptibility, and that
using a linear combination of the aforementioned parallel and perallows us to estimate a lower limit fdd from Eq. (9): D
pendicular susceptibilities as followg(T)=ay(T)+bx, (T)+c.  >2gugH~13 K. Single-crystal studies of LiNiP£{and ex-
act determination of the parallel and perpendicular suscepti-
<Ty [Eq. (6.7), Ref. 31, as reproduced in Fig.(8). The biIity might shed more _Iight on this problem, but this is not
perpendicular susceptibilityy, (T) corresponding to the available to us at this time.
Hamiltonian(10) for the plane square was solved exactly by
Fisher®? Figure a) showsy, (T) for the plane-square anti- B. Iron-impurity-induced three-dimensional
ferromagnet as calculated by using Ej42) of Ref. 32. The antiferromagnetism in (Li o =€) 039 NiPO,
Ising-like behavior of the Ni* spins in LiINIiPQ, (S=1), as
argued above, is by virtue of the zero-field splitting that cre-
ates a ground state doublet that is separated from other ex- Structural analysis of the doped compoumnd-(0.033) in-
cited states by an energy gap of at leBstThis picture is dicates thaPnmasymmetry is preserved upon substitution
true for both fields parallel and perpendicular to the axis ofof Li sites with Fe as is demonstrated in Fig. 7 and Table IlI.
guantization. However, the calculation of the susceptibilityThe integration of iron into Li positions does not disrupt the
involves first and second derivatives of energy levels withstructure and does not introduce new phases. At higher iron
respect to the magnetic field, and those in the present casencentrations X=0.04) the compound consists of
differ for parallel and perpendicular fields. For the parallel(Li,_3,Fe)NiPO, and an additional well-defined
susceptibility, the energy levels are linear in a magnetic fieldLi;Fe,(PO,); phase’® A significant change in the thermal
Eq. (8), as for the spirS=3 system, and therefore the cal- factor of Li is observedcompare Tables | and )l indicat-
culations of Sykes and Fisher apply exactly. However, in théng a more localized Li in the impure compound. The low-
case of perpendicular fields, the ground state doublet splitemperature datésee Figs. 2 and)7show magnetic reflec-
into an energy level that is quadratic in field and another thations that are similar to those of the pure compound although
is a constant, Eqg9). We argue that qualitatively, the gen- they differ in their relative intensities. The magnetR00)
eral form of y, (T) will resemble that of the spirS=3 reflection, which was found to be very weak for the pure
model® although it might be significantly reduced in ampli- LiNiPO,, is more prominent in the impure compound, indi-
tude. To model the measured susceptibility from our poly-cating stronger correlations between planes. In addition to
crystalline LiNiPQ sample at low temperatures, a linear the AF magnetic peaks, weak reflections superimposed on

0012 [

x(emu/mole)
S
-

0010

1. Neutron diffraction
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FIG. 7. Neutron powder diffraction patterns at 10 K and 294 K
of (Li,_3Fe)NiPO,. The solid lines are fits to the data using the dition, it should be noted that the AF transitions for the pure
Pnmasymmetry with the structural parameters listed in Table Il; and impure compounds are remarkably sharp with no indi-
the lower dashed line is the difference between the meadured cations of smeared Né& temperatures as observed for
symbolg and the fitted curve. K,NiF, or the random site R¢Mn, Niy )F, (see, for in-

. o stance, Fig. 2 in Ref. 23In these compounds, it was found
nuclear Bragg reflections are observed, indicating the preshat the smearing of the transition increases approximately
ence of a ferromagnetic component in this system. The mog§roportionally with the length of the crystals along thaxis
intriguing feature of our results is the behavior of the orderregardless of impurities.
parameter as a function of temperature as measured on the T account for the extra reflections we propose a noncol-
lowest-order AF Bragg reflectiof010). Figure 8 shows the jinear model(see Fig. 9 with a simple modification of the
order parameters of the pure and doped samples, demonstraiagnetic structure factor of the pure LiNip@ompound

ing that insertion of iron into the pure LiNiPOeven in this  (derived in the previous sectipras follows:
minute amount, modifies the critical behavior significantly. It

drives the AF transition to a higher temperature, fram A o A o
=19.1+0.5 K to Ty=25.2-0.5 K, and changes the criti- Fm~Fnilsni— (k- Sni) k] +WFed Spe— (k- Sge) k1,
cal exponent fromB3=0.12+0.01 to 8=0.34+0.02. In ad-

TABLE lll. Structural parameters of (ki ,Fe)NiPO, at T=10 K and atT=294 K obtained from the
diffraction data shown in Fig. 7. The space group of the doped compound is the same as that of the pure
LiNiPO, compound Pnma with no indications of any structural phase transitions.

T=294 K
Atom X y z Ux 100 A?
Li (0.94 0.0 0.0 0.0 1.06)
Fe (0.03 0.0 0.0 0.0 1.06)
Ni 0.27622) 0.25 0.98246) 0.6(1)
P 0.09544) 0.25 0.41999) 0.31)
o1 0.10185) 0.25 0.7421) 0.2(1)
02 0.45404) 0.25 0.19889) 0.2(1)
03 0.16613) 0.04155) 0.27676) 0.3509)
a=10.08326) A b=5.88363) A c=4.71472) A Cell volume =279.70326) A3
T=10 K

a=10.065210) A b=5.86925) A c=4.70484) A Cell volume =277.934) A3
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FIG. 9. Modified magnetic model structure for the iron- Temperature (K)

substituted compound (Li 3,Fg)NiPO,. Iron occupies random Li
sites between antiferromagnetic layéas described in more detail

n t.he gaptlon of Flg B Th? Iron moments couple antiferromag- to the power law function, Eq3), yielding aTy=25.2£0.2 K and

netic Ni layers, driving the Na temperature to higher values, and —0.34+0.02. Unlike th f th he 2D critical

modify the characteristics of the transition. The fit to the magneticﬂ_ NSRRI e the case of the pure system, the critica
' scattering is practically suppressed abdyg

diffraction data in Fig. 2 suggests that iron moments are pointing in
a direction perpendicular to that of Ni moments. Such a preferred

orientation for iron can be due to an anisotropic exchange interac<Ty, as evidenced in the susceptibility measurements dis-
tion of the form JSX Sy; or due to frustration. The frustration cussed below. In the other extreme of very weak coupling
arises because Fe, by symmetry, interacts identically with its twgyetween layers, as in the paramagnetic state, the effective
nearest-neighbor Ni momentis adjacent layesswhich in the pure  jnteraction between the two NN Ni moments in adjacent lay-
system align antiparallel to one another. ers (embracing an Peis ferromagnetic(FM) regardless of

the type Fe-Ni coupling, i.e., AF or FM. We thus expect the
iron moment to destroy correlations in the plane abdye

This is consistent with the absence of diffuselike scattering
. - ; i ; . above the transition as is shown in Fig. 10, and in contrast to
is present at the origin of the chemical unit cell, replacing Lithe observation for the pure compoufedmpare with Fig. 4
with an occupation factor tha_t is co_nsistent with its presencen ., pure compoundlt is therefore surprising that, deépite

in the compound. There are flve adjustable parameters in thme fact that iron moments couple adjacent planes at random
model, the average magnetic momeplg , ure, the angle sites, not in accordance with the natural interlayer coupling

¢re that the iron magnenc moment makes_vylth thaxis in of the pure compoundintroducingfrustration), their inter-
theb-c crystallographic plane, anq two add_ltlonal para.‘meter%alation induces an AF transition at a significantly higher
for the peak-shape function, as discussed in the previous Sefé'mperature

tion. The direction of the Ni moment was fixed along the
axis, just as it is in the pure compound. The fit of EtR) to _ o
the data shown in Fig. Bupper partis best when the mag- 2. Magnetic susceptibility

netic moment of the iron is pointing at an angle: 00° away Figure 11 shows the susceptibility of (L= g39 NiPO,
from theb axis, i.e., orthogonal to the direction of the mag- (and its inversemeasured under 50 @iangles and 1000 G
netic moments of the Ni system, creating a noncollineafsquarey indicating strong field-dependent effects at low
magnetic system. The average magnetic momentsugfe temperatures. At temperatur&s-30 K the susceptibility is
=(2.8+0.1)up per Ni andupe=5.9+1 per Fe atom. Such a independent of applied magnetic field within error, and its
noncollinear arrangement of the mixed spin system can bgerse is linear inT, indicating that in thisT range the

FIG. 10. The normalized intensity of th@®10) AF reflection
versus temperature for the impure compound. The solid line is a fit

whereF,; is given by Eq.(1), w is a weight factor fixed by
the fraction of iron present in the compound, afg,
=frd Q) ure. For simplicity, it is assumed that the Feion

due to an asymmetric Ni-Fe exchange of the form system is paramagnetic. From the fit of(T) to the Curie-
Sy S 13 Weiss law we obtain an effective moment.s=(2.96
Fe-NI=Ni~* “Fe: +0.05)ug per Ni andd=100.8-2 K. Two field-dependent

which tends to align the spins perpendicular to one anothemaxima atT,;;=12 K andT,,=28 K are observed in the
Alternatively, in the case of isotropic interaction with nearby susceptibility. It is most striking that paramagnetic behavior
Ni ions, it can be the result dfustrationthat an Fe moment persists down to temperatures that are very close to the tran-
experiences. The frustration arises because, by symmetry, B@ion temperature, with no clear indication of the transition
interacts identically with its two nearest-neighbor Ni mo- which occurs af’y=25.2-0.5 K. By contrast, the behavior
ments in adjacent layers. Below the AF transition, these twaf pure LINIPQ, is completely different, with a gradual de-
Ni moments align antiparallel to one another, and thus if theviation from pure paramagnetism a&2Ty~50 K. This is
in-plane collective forces are strong enough to hold thentonsistent with our assertion that the Fe moments tend to
antiparallel, the net interaction with the iron will cancel out create local frustration between adjacent layers. And it is also
and it will be frustrated Such an effect will lead to spin- consistent with the absence of diffuselike neutron scattering
glass-like behavior of the Fe magnetic subsystem Tor of the order parametdFig. 10.
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350 T T T T T T certain direction. The many-body Hamiltonian for the doped
[ ] system is thus much more complicated and can probably be
300 -1 <~ Jools simplified in such a way as to belong to the class of layered
oy e 1 planar Ising(LP1) models® A layered Ising model is defined
i ] in such a way that in one spatial dimension the coupling is
random, whereas in the other dimensid@® in this casg
the coupling is of the same strength.
Figure 11 shows a deviation from linearity imT) be-
| low T~30 K that is very different from the behavior of the
_X/ “\\? T oos pure compou_nd at thi§_ range. Whereas for fthe pure com-
100 [+ 2 . : pound 14(T) indicates increased AF correlations, the devia-
: '“‘"*mu.,,_“__“' tion from linearity for the impure compound is suggestive of
L increased FM correlations. This ferromagneticlike behavior
200 250 300 aboveTy, is consistent with the tendency of iron to orient its
— —— T NN Ni neighbors ferromagnetically as discussed above. The
120 L - ~d first and second minima in the inverse susceptibility above
| deemumna® " 1’#’-‘"@ and below the transition, respectively, depend on the mag-
i [“« - ] netic field in a manner that resembles spin glass systems.
I /»& ",' _ This is not surprising in view of th&ustrationin the vicinity
I of an iron impurity. Neutron scattering under a magnetic

2
7
=3
[
hY
"
b

0.010

1/x(mole/emu)

8

<

T

et

Y

|
x(emu/mole)

O
[=3
Le
B
-.;/
LY
Y
"
Y
.
i
_
R

P IR
150

0

50>||||I|..ly.|
0

—_

1=

(=3
T

!
T ,’ ] field and systematic succeptibility studies are under way to
T & shed light on this behavior.

1/x(mole/emu)
E
—

\
\ ]
A ] IV. CONCLUSIONS

(2]
(=3
T

Using neutron diffraction experiments in conjunction with
PP I N N S R magnetic susceptibility measurements we demonstrated that
0 10 20 30 4 50 Ni>" moments 6=1) in LiNiPO, constitute an almost ideal
T® 2D Ising antiferromagnet model. In addition to observing an
FIG. 11. () Magnetic susceptibility and its inverse versus tem- Order parameter that is characteristic of the plane-square
perature for (Li_s,Fg)NiPO,. The linear fit to the datddashed ISing system, the weak scattering of tfi200) magnetic
line) in the paramagnetic regint80—300 K is the Curie-Weiss law  Bragg reflection is evidence to the poor correlations between
with an effective magnetic moment=(2.96+0.1)ug, and ¢  the AF planes. The two-dimensional behavior of the spin
=100.8=2. (b) Inverse magnetic susceptibility in the vicinity of System is not surprising because, as expected, the Ni ions
the antiferromagnetic transition showing a magnetic field depenform layers where nearest neighbors in the plane are coupled
dence characteristic of spin glass behavior. Magnetic susceptibilivia the superexchange Ni-O-Ni and nearest interlayer neigh-
ties were meausred under 50 @iangles and under 1000 G bors are coupled via a much longer Ni-O-P-O-Ni path which
(squarek is of a higher-order perturbation and therefore much weaker
than the in-plane coupling. The in-plane superexchange can
The placement of an Fe ion in a Li site can affect thein general be isotropic with very weak anisotropies that can
magnetic state of Ni in at least two ways. First, the Fe mo-assist in a crossover of spin symmetry: from Heisenberg-like
ment can couple magnetically via superexchange or direab XY or Ising-like behavior. Herein, we have argued that the
exchange interaction with Ni ions of adjacent layers. In admain mechanism invoking Ising-like properties is a common
dition, it can modify the charge distribution around the local zero-field-splitting term, that splits tt&=1 triplet into
nearby Ni; in particular it can distort the crystal field arounda singlet and ground state doublet, with an effective $pin
the ion. Fe, with an effective charge that is 3 times that of Li,= 3. It is by virtue of the zero-field-splitting term that we
will lower the symmetry of charge around Ni, and that to- could employ well-established results for the Ising model to
gether with spin-orbit coupling can significantly enhance theLiNiPO,. To our knowledge, there is no measurement of the
zero-field-splitting term or even introduce other terms thatzero-field-splitting termD in this compound; however, the
will split all the levels of the spirB=1 (Ref. 25. The local  preponderance of experimental evidence is that the larger the
spin Hamiltonian for Ni in the vicinity of an Fe impurity can distortion of charge symmetry around Ni from cubic
thus be of the forrf? symmetry?>~?the larger this term becomes. Based on care-
ful electron paramagnetic resonan@PR measurement$
H=SreSNitgusH-S— D(SZ)Z—E(S)Z(—Si), (14  of LiNiPO,4, and on our susceptibility measurements, we es-
timateD>10 K.
wherelJ is a tensor and the term involvirig is the result of The magnetic susceptibility below and above the AF tran-
symmetry that is lower than axial or tetragonighombig. sition can be fully explained in terms of the pure square 2D
Diagonalization of the matrix associated with Efi4) gives  Ising model as solved in the seminal works of Fisher and
three distinct energy levels even in the absence of magnetiBykes®'32 The fit to the susceptibility data, not just near the
field. This means that the ground state of the free Ni spircritical point, but above and below the transition, is remark-
near an iron can be singlet with a moment pointing in aable. The evidence for AF correlations abdwg implicit in
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the susceptibility measurements is corroborated by the obser- The Fe ion residing between two Ni ions on adjacent lay-
vation of neutron diffuse scattering at a similar temperatureers (see Fig. 9 effectively couples these two moments fer-
range. romagnetically, regardless of the type of Fe-Ni exchange
There are very few compounds that exhibit 2D Ising-like (FM or AF). In the paramagnetic state, the insertion of iron
behavior, the most important of which is,&oF, where the gives rise to FM-like behavior as seen i{T) (T range
C?*(3d") configuration with an effective spin =32 has  30-25 K, Fig. 11. In the AF state of the pure compound, the
a ground state doubléeffective S=3) due to crystal field two nearest-neighbor Ni moments in adjacent layers orient
effects and spin-orbit couplimg. Susceptibility measure- antiparallel to one another and the interaction of the iron by
ments near the critical point on single-crysta)@®F, by = symmetry cancels out, giving rise to frustration and to spin-
Breedet al3* were found to be in excellent agreement with glass-like behavior as observésee Fig. 11 We feel that
calculations made by Fish& Subsequent neutron scattering the doped system is an excellent candidate for the newly
experiment®3® confirmed the 2D Ising-like behavior of this studied class of layered planar Ising modéls.
system. However, to our knowledge, the present study pro- Although long-range order associated with iron impurities
vides the first demonstration of Ising-like behavior of was not observed, the strong influence that these impurities
Ni2* (S=1), and we believe that this is by virtue of the have on the nature of the transition implies some degree of
strong zero-field-splitting term in LiNiP© regularity in their inclusion. Also, the results suggest that
The behavior of the iron-doped compound is much moreron impurities between the planes, in the tunnels that the Li
complicated than that of the pure LiNiROand as we cur- ions occupy, are localized in fixed positions. Thus, although
rently lack a rigorous theory, the discussion has been mostigharge compensation arguments suggest the creation of va-
qualitative, based on comparisons with the pure compound:ancies in the channels as iron replaces Li ions, the iron
Indeed, the structural and magnetic studies of the puratoms in the channels would obstruct Li ionic free hopping.
LiNiPO, compound proved to be quite important for this This picture is consistent with recent NMR studi¥ and
qualitative understanding of the doped sample. The twowith the observation that thermal motion of Li ions is sup-
dimensional characteristics of the pure system seem to bgressedTables | and I} as the system is doped.
strongly modified by the introduction of minute amounts of
iron into the compound. The value of the exponent for the
doped compound3=0.34 is much closer to that of the
simple cubic(3D) Ising modelB=0.324(Ref. 379. The AF D.V. and J.L.Z. thank the Solid State Division at Oak
transition temperatureTy is increased fromTy=19.1 Ridge National Laboratory for the technical support ex-
+0.5 K to Ty=25.2£0.5 K, indicating stronger coupling tended during the neutron scattering experiments. Ames
between the planes. We argued that an Fe that occupies a Laboratory is operated for the U.S. Department of Energy by
site can affect the magnetic state of nearby Ni ions in twdowa State University under Contract No. W-7405-Eng-82.
ways. First, it can magnetically couple via direct or superex-The work at Ames was supported by the Director for Energy
change to a Ni as it is only 3.1 A apart. Second, the charg®esearch, Office of Basic Energy Sciences. ORNL is man-
difference between Bé and the replaced ['i can strongly aged for the U.S. DOE by Lockheed Martin Energy Research
distort the crystal field symmetry around a Ni ion. Such aCorporation under Contract No. DE-AC05-960R22464.
distortion away from the cubic symmetry enhances the zeroG.E.B., P.P., and T.R. thank Fapesp and CNB@zil) for
field-splitting term and can introduce other terms that split allfinancial help. Part of this work was done with the financial
threeS=1 levels. help of the Basque Governme(8pain.
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