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ESR of C&* in NH4NiPO,-6H,0
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Experiments of electron-spin resonandSR were performed on CO in single-crystal and powder
samples of NHNiPO,-6H,0. The angular variation of the resonance field of the crystalline sample can be
interpreted in terms of two magnetically nonequivalent sites related by a symmetry operation. From the fitting
of the ESR data, the spin-Hamiltonian parameters are determined. A theoretical analysis of these results is
presented[S0163-18208)00701-2

I. INTRODUCTION with a spin Hamiltonian. A theoretical analysis with a simple
model shows that a fairly good agreement with this empirical
Ni(Il) hydrated phosphates are very interesting because @pin Hamiltonian is obtained by employing a perturbation
their physicochemical propertiégyenerated by the great di- calculation that includes the crystal field up to first order
versity of their crystal structures. The structural model ofonly.
these phases changes as a function of the ratio Ni:PO
their composition. It is observed that when there are several
water molecules per Ni atom in the formula, most of the Il. EXPERIMENTAL DETAILS
positions in the coordination sphere of the metal are occu- A. Materials

pied by those molecules. This gives place to three- . ] " .
dimensional (3D) structures, connected through hydrogen NH 4NiPO,- 6H,0:0.1% CG * samples were synthesized

bridges®3 as it is the case with the compound discussed herd? Mixing NiCl?' 6H,0 and H;PO, in a water sol+ution ina
NH 4NiPO,-6H,0 presents a 3D structure formed by aproporttl)on_ ofd1.40,bat. room temperatllﬁé;he C(TZG dOp'Qg
licated sch f hvd bonds, established by th as obtained substituting 0.1 mol o ng H,0 y

complicated scheme of yarogen bonas, estayisbec by oCl,-6H,0. The pH of the solution obtained was in-

water molecules and the ammonia groipghe N{OH,]¢ o
octahedra are fairly regular, with Ni-O mean distancecreased up to 12 by addition of N‘@H as needed. The
2.0553) A, and a O-Ni-O mean angle of 91%8°. The PQ, product was slowly evaporated during one week, and the

tetrahedra show a high local symmetry, with a P-O mears/oW evaporation of the ammonia favored the formation of
distance of 1.53%) A, and O-P-O mean angles of 109.6°.
The NH, tetrahedra are quite regular, too. They present

mean distances of 0.88 A and mean H-N-H angles of . Owa
1093)°. There are two crystallographically equivalent Ow3 Ow2
Ni[OH,]¢ sites related by the symmetry operati@di2— x, g

-y, 1/2+ z) (see Fig. 1 However, under the application of A 2 93

a magnetic field, these two sites are not equivalent, and the zl e

magnetic group of the crystal has less symmetry operations Owl Ow4

than the space group. b ow3
The local symmetry of the nickéll) ions is near cubic as 4@—7’

stated above, and the electron-spin reson#B&R) of reso- X

nant impurity ions that substitute the Ni in the lattice is a ow2 Ow3

powerful technique to analyze the environment of this ion. a

The C&?* (3d”) is very convenient for this purpose, because 9

it has a very strong spin-orbit interaction, its ground state in

cubic symmetry is an isotropic Kramers doublet, and it be- Owd owl

comes very anisotropic with small changes in the local elec-

tric crystal field. The ESR experiments make evident the 9,

difference between the two magnetically nonequivalent Ni

sites that are present in the structure of NPO,- 6H,0. FIG. 1. Geometrical representation of the two ‘Cosites in
The main objective of this work, is thus to present ESRNH ,NiPO,-6H,0. The experimental coordinate system is repre-

measurements in single crystals and powder samples @knted with respect to the orthorhombic crystal axes. The principal

NH 4NiPO,-6H,0, doped with a low concentratioi®.1%9 crystal directions are drawn within a polyhedron that is shaped as

of Co?*. The experimental data are empirically analyzedthe growing crystal habit.
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the desired compound. Recrystallization was necessary to — T
obtain single crystals that are adequate for the ESR measure-
ments. Thermogravimetric measurements and x-ray diffrac-
tion were carried on the samples and, within the experimen-
tal errors, no impurities were observed. Oscillation and
Weissenberg photographs were carried out to determine the
relationships between the crystallographic axes and the ex-
ternal morphology of the crystals. The crystals are elongated
along thea axis, as can be seen in the drawing of the crystal
habit in Fig. 1.

(001) plane, 6° from [100]

(a)

(010) plane, 35° from [100]
(b)

B. ESR

The ESR spectra were recorded at ¥hband on a Bruker
ESP300 spectrometer equipped with a standard OXFORD
helium continuous-flow cryostat. The magnetic field was
measured with a Bruker ERO35M NMR Gaussmeter. The
frequency inside the cavity was measured with a Hewlett-
Packard 5352B microwave frequency counter. Powder and
single-crystal spectra were recorded at 4.2 K. A single
crystal of NH,;NiPO,-6H,0:0.1% C&", with a size of R T S T S
0.23x0.11x0.14 mn?, was oriented through Weissenberg 5 10 15 20 25 30
photographs and glued to a cleaved KCI sample holder with -
the a, b, andc crystal directions along itg, y, andz or- Magnetic field (mT)
thogonal axes, respectivelgee Fig. 1L The sample holder o
was connected to an L-shaped quartz rod and rotated with FIG._2. _Three C62 ESR spectra selected_for dlrectlon_s of Fhe
respect to the applied magnetic field using a one axis Brukgnagnetic field that show the spectra properties as described in the
goniometer with 1/8° resolution. ESR spectra were recordelf*t

rotating the crystal around the, y, and z axes, with 5° :
intervals along 180° in each plane. The orientation of thewhereglandgz are the gyromagnetic tensors ahgandA,

magnetic field within thezx and zy planes was determined the hyperfine tensors for each sik¢is the applied magnetic

from the ESR data considering the known crystal symmetry{ﬁédéggd‘égt: w:rszzgdm?ggztlnga?: al fwzt : p;grr]c:(()lrrga;;)n,
The orientation of the magnetic field in they plane was Schonland’s methodand the obtained parameters were used

accurately defined by matching the angular variation of the - . . )
spectra in this plane to those obtained in the other tw S prehmmary_mformatlon for th?. subsequent.calculatlon.
planes. he_resonant fle_Id for each transition was obtalne_d exactly,
within the machine error, by diagonalizing numerically the
16X 16 matrix corresponding to each of the sites in Hy,
Ill. RESULTS AND ANALYSIS and obtaining the field self-consistently. These fields were

Figure 2 shows the ESR spectra of the single-crystaf€ input to a least-squares fitting program, treatinggte
sample measured at 4.2 K, for three selected directions of tiadA’s values as adjusting parameters. All the experimental
magnetic field. The spectra consist of two octets of resonancgdt@ of the three planes were fed in the program, and the
lines; those octets are due to the allowed transitions fof0lid lines in Fig. 3 are the best fitting of the data using Eq.
AS,=+1,Al,=0 corresponding to the hyperfine interaction (2). Figure 1 shows the relative orientation of the princigal

between the effective spi =1/2 of the cobalt and the real

(100) plane, 29° from [010]

Absorption derivative

nuclear spin [ = 7/2) of %°Co (100% abundant 28— L T '
Figure 3 shows the angular variation of the resonance
field of the ESR lines in th€¢100), (010), and(001) planes. —~24
L . =
Both the angular variation and its symmetry clearly show &
two magnetically nonequivalent sites related by a dpera- ?_;f
tion about thes crystal axis, which is the point operation that & 2.0
relates the two centers. The actual spectra show eight well §
resolved hyperfine lines along some directions for each site § 16
but the reduction of the hyperfine interaction causes the col 2
lapse of them in other directionsee Fig. 2 The point- &
group symmetry for the Ni* ion (and the C8* substituting 1.2

them is Cs, and the appropriate spin Hamiltonian for

=1/2 andi=7/2 is therefor® FIG. 3. Angular variation of C62 in NH,4NiPO,-6H,0 spec-
. tra, in the three experimental planes. The principal directions in
H=wugH:0:-S;+ ugH 02: S+ S - A 11+ S- Ayl 5, these planes are indicated in the figure. The solid lines are the best

(1)  fitto Eq. (1), and the fitting parameters are given in Table .
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TABLE I. Spin-Hamiltonian parameters for €6 in TABLE II. The cosines between the orthorhombic axes of the

NH,4NiPO,-6H,0 at 4.2 K. crystalb{a,b,c} and the new axeps=Xx,y,z fixed to the octahedron,

as discussed in the text.
cos(64) cos(6,) cos(63)

Axes a b c

01 4.9091 —0.26072 —0.55762 0.78809

(o] 5.1389 0.96461  —0.11704 0.23630 j=x 0.7328 — 0.3099 — 0.6058

O3 2.6680 —0.03953 0.82180 0.56840 j=y 0.00048 0.8900  0.4559

—4 -1
107" cm cos(@) cos(z)  cosBs) ., 0.6804 0.3344 0.6521
A, 160.17 —0.20229 —0.58951 0.78202
A, 178.76 0.97741  —-0.07163 0.19884

axes at a distancee R from the origin. From any displace-

A, 44.37 —0.06120 0.80458 0.59068 Mment of the six O with respect to the vertices of this regular
octahedron we can fifld® the corresponding normal coordi-
natesQ; of the seven ion-complex, formed by the Co and the
values for both C&* sites. Table | gives the spin- Six nearest O, that are invariant against inversion. These are

Hamiltonian parameters obtained by this procedure. separated in the three setQ}, {Q2,Qs}, and
Figure 4 shows the ESR spectra of a powdered sampldQa,Qs,Qe}, and the correspondin@; transform, respec-
The simulated spectra in it were obtained with the fitted patively, like the basis of the irreducible representatiénsE,

rameters in Table I, considering the powder as a great nun@nd T of the cubic group, as given in Table Il of Ref. 11.
ber of crystallites oriented at random. These coordinates will be employed below to model the

crystal field that gives the experimentgltensor, and the
normal coordinates obtained from the position of the O crys-
IV. THEORETICAL DISCUSSION tallographically determinédn the Ni compound are shown
in the first row of Table IIl.
The #F ground state of isolated G (3d’) in a purely
octahedral crystal field splits into two orbital triplet$, 4T,
and one orbital singlefA,. Spin-orbit effects partially lift

In this compound the Co" ions are coordinated by six
O(w) in fairly regular octahedrdAssuming that the position
of the six oxygen nearest to the €0o are in the same posi-
tions as those of the nickel compouthdnd taking the aver- . .
age of their positions as the center of the octahedron, wIahe degeneracy of théT, triplet into onel’s, two I', and

choose two of the O and use them to determine an orthogdmer? subspaces, and the resonance for the lowest doublet

nal system of axis. In the new system thaxis goes through (-FG) is isotrop.ic withg=4.33” The addit.io_n of lower sym-
the position of one of those two O, and thaxis is perpen- metry crystal fields produces further splitting of tfHg trip-

dicular to the plane determined by the two O and the centeI t, giving six Kramer's doublets, aﬁd In most cases 'F IS
und that the trace of thg tensor is close to the cubic

of the octahedron. The direction cosines of these axes wit

respect to the orthorhombic axis of the crystal are given ifSOTOPIC valué; in the present case the averagés 4.2387.

. . - 2 .
Table II. The average distance of the six O with respect tol © Understand this value we first consider the*Cdn a

e — i cubic symmetry, showing later that crystal fields of lower
the new axes origin '.SR:Z'OS:.SJA’ and we can define a symmetry do not change this value in our approximation.
regular octahedron with the six vertices placed along the In the lowest order one obtairg from the matrix ele-

ments of the Zeeman term in tH&, subspace of théT,
' ' ' ' ' ground triplet. The matrix elements of the orbital angular
momentumL within a T, subspace are proportional to those
of a P term, but one should note that the excited tetis
also of the*T; symmetry, and is mixed by the cubic field

TABLE lll. The symmetrical normal coordinates of the com-
plex formed by the Co and the six O with respect to the regular
octahedron defined in the text. Row 1 gives the values calculated
from the O positions determined crystallographically. Row 2 gives
the values that would reproduce the experimegtéénsor for the
point charge model. Row 3 gives a number proportional to the ratio
of the normal coordinates obtained from theensor divided into
those obtained from the A tensor.

(b)

Absorption derivate

1000 ' 2000 ' 3000
Magnetic field (Oe) Q, Qs Qq Qs Qs

FIG. 4. Experimentala) and simulatedb) powder spectra of 1 ~ —0.03840 0.02497  0.01417  0.06542 —0.01275
+2 . . . ;
Co™“in NH4N|PO4-6H20. This last was obtained using _the pa- 0.01092 0.00305 0.16028 —0.22616 —0.14710
rameters in Table I, and a powder program. The slight differences
are due to the fact that we did not consider the angular variation of 1.60 845 2.04 1.77 1.99
the linewidths in the simulation.
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with the 4T, of the ground*F term. If we indicate two states Vo(r) =A(X2—y2)+B(x*—y*),
of “F and *P with ¢; and ¢/ , respectively, such that they
transform in the same way under the cubic group, the states \/§V3(r)=A(322—r2)+ B(2z%—x*—y%) (4)

of the ground*T, will be of the forma¢;+ b e/ . The values
of the constanta andb can be obtainéd*3*from the Racah  and
parameteB and the crystal-field parametBr, that take the
values 918 and 840 cnt, respectively in the Ni compourfd: V,(r)=Czy+E(Zy—y32),
with these values one obtairs=0.9853 ando=—0.1707,
and the proportionality constant of the angular momentum is V(1) =Cxz+ E(x3z— 2%),
a=—1.5a%+Db?=—1.4271.
Vg(r)=Cxy+E(x%y—y3x). (5)

Two further effects should be considered in the calcula-
tion of the isotropicg tensor. One is the second-order con- For a point-charge mod@ithe constants are given by
tribution of the “T, states, that are separated by
A’'=—15B—6Dq=7302 cm ! from the ground*T, states,
and the other is the covalency between the Co and the neigh-
boring O, described by several covalence factdfghat re-
duce the matrix elements of the orbital angular momentum
and of the spin-orbit interaction. Using a sindtg for all
thes_e f_actors one obtains the expression forgttiactor in a wheree is an effective charge associated with the O.
cubic field: To study the effect on thg tensor of theV(r) given in
’ Eqg. (3), we shall employ second-order perturbation theory,
(k )zm @) using bothV(r) and the Zeeman terid,=(g.S+L)-H as

O A perturbation. The change in tlgetensor is then given by

1
A= Zeeeﬁ(lsR*“— 75R6r?), B=175%e/8R®,

C=eeqg(—6R *+15R %), E=-35e4/2R% (6)

V15

Ta+b

5 2
g= §ge— §ak0+2

whereA=—180 cm ! is the C#" spin-orbit interaction.

2
With the parameters employed, this isotrogi¢ensor coin- 9= 5(ge+ a)@{—CE[ V3Q2(SHx—S/H, )+ Q3(3SH,
. ; : 3 A
cides with the trace of the experimental one wikgr 0.84.

When one employs the parameters of Co:MgO, Bz 815 —S-H)]+C1[Q4(SHy+ SH,) + Qs(S,H,+ S;Hy)
cm~! and Dg=905 cm !, the following values are ob-

tained: a=0.9811, b= —0.1933, @=—1.4063, A’ = 7953 +Qe(ScHy+SH 1}, (7
cm~!, and ky=0.86. These values are not very different

where ug is the Bohr magneton and is the splitting be-
tween thel'g doublet and the lowedf's quadruplet in the
octahedral symmetry, given Ky

from those obtained with the Ni paramet&sandDqg.

To analyze further the experimentaltensor, one could
try and find crystal-field values that would reproduce the
measured results, and a study of this type was presented by
Abragam and Pryce for the cobalt Tutton saft3o simplify _— 33/ /15 2 N2
the study we present a model that describes all the crystal A=15-13"+b ko — 20 Ta+b koy- ®
fields acting on Co as originating in the crystal field of the
six nearest O located at the vertices of a deformed octaherne constantCg and C; can be obtained by calculating a
dron, obtained by displacement of the vertices of the regulagingle matrix element in each case:
octahedron introduced at the beginning of this section. If one
neglects the mixing of other configurations into the ground 1
conflguratlor) ()7, it is sufficient to ke_ep on!y the part of Ce=— §<T12|2. V3(r))|T12) 9)
the crystal fieldV that is even against inversion. We could !
then writeV=Ei7:1V(ri) , whereV(r) would be the sum of
products of only two or four components of the electronic
coordinates . Within our model, one could then write

CT:<T1X|Z Va(rj)|Ty), (10)

V(=2 QV;(r), (3 '
. where the{| T,x),|T1y),| T12)} are a basis of the grourfti,
where theQ; andVj(r) transform like the same partners of that transforms like the coordinat¢s,y,z} under the octa-
irreducible representations of the octahedral groups the  hedral group.
V;(r) must be even against inversion, tQe must have the The expression in Eq(7) corresponds to deformations
same property, and only the s with j=1,6 discussed at from a cubic environment, and one should then compare this
the beginning of this section would appear in E8). In the  formula with the experimentad tensor in the axis of the
following we shall not consider the identical representationregular octahedron defined in Table Il, which is given in
A, because it does not modify tigetensor. The usefuV(r) Table 1V, but it is first necessary to determig andCy.
are then One obtains with Eq9.3)—(6)
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TABLE IV. The components of the experimeniltensor, re- TABLE V. The components of the experimentatensor(given
ferred to the octahedron axgs x,y,z, after subtraction of the iso- in cm™1), referred to the octahedron axgs x,y,z, after subtrac-
tropic tensorg=4.2387. tion of the isotropic tensoA=12 780 cm*.

Axes gjx 9y g,z Axes A x Ajy A,
j=X —0.1306 0.6354 0.9769 j=x -970 3200 5510
. _ i=y 3200 970 —3390
=y 0.6354 0.1809 0.6923 j=2 5510 3390 0
j=z 0.9769 —0.6923 —0.0503

tationskE andT,, the normal coordinates necessary to repro-
(r? duce theg tensor would then be proportional to those ob-
d tained with the point-charge model, as only the value€ of

and C; would change in this model, so that both the charge
) ) (r* and dipole models would give essentially the same results. A
+(—0.1718+0.687%°—0.687&b+0.171% )ﬁ more complicated model, either involving the change in the
direction of the dipoles, or even considering the extended

(1)) charges of the ligands, would increase very much the diffi-

culty of the calculation. We should then remain with the

CE:

€Ceqif 5 2
= (1.4846-1.7818°+1.781%mb—0.44556°)

and point-charge model, but only as a means to obtain a fairly
v simple crystal field that would be sufficient to explain the

_ €& 2 287 experimentalg tensor. This crystal field is thg(r) of Eq.
Cr= R? {(0'08579‘ 1.3714b+1.2 )E * (3) given in the axes of the regular octahedron defined in

Table Il with theQ; given in the second row of Table IIl.
) (r% The agreement is perfect because there are as many free
(-0.714% _0-23815”3)? - (120 normal coordinates adg components, but the point-charge
model employed should not be taken too seriously.
The averagegr?)=1.251 and(r%)=3.655 (atomic unit$ Although we have not analyzed the hyperfine tensor in
have been calculated with Hartree-Fock functibhbut we  detail, we can extract some information from its experimen-
can obtaineeff<r4> from the cubic field parametddq em- tal value. As seen from Table I, the principal axes of the two

ploying the relation tensorsg andA do not exactly coincide, but are fairly close
together. As with theg tensor, we have expressed tha
1 eeq (rh tensor in the axes of the regular octahedron discussed above,
Dg=— 6 R R* (13)  and the corresponding values are given in Table V. One can

show? that the SA is described by an expression similar to
valid for the point-charge model. To fines(r?) we shall ~thatof thesg [cf. Eq.(7)] with the component of taking the
assume thatr?)/\(r*)= 0.6544, i.e., equal to the corre- Place of the components &1, but we have not explicitly
sponding ratio obtained from the calculated values. Takingalculated the coefficients equivalent to t@e and Cy.
theB andDq of the Ni compound and using for the remain- Nevertheless, by the same method employed withgtien-
ing parameters those discussed in the text, one find8Or one can obtain quantiti€¥ proportional to theQ;, and
Ce=6508 cm /A and Cy=—3414 cm Y/A, while for the  then calculate the ratio of th@; given in the second row of
Co:MgO values one finds Cg=6821 cm /A and Table lll to the correspondin@®; obtained from theA ten-
C+=-3932 cm Y/A. The difference is not critical, and we sor. These ratios are given in the third row of Table Ill, and
shall use the Ni values in the remaining of the discussion. those corresponding tQ; of the same irreducible represen-
It is now possible to compare E(7) with Table IV, and tation should be equal if the theory were strictly true. The
one immediately obtains values of the normal coordinatesnormous value of the ratio correspondingQg is not sig-
that would reproduce the experimengatensor when substi- nificant, because the value derived from theéensor is zero
tuted in that equation. These values are given in the seconalithin the experimental error, and one can therefore not draw
line of Table Ill, and it is clear that they are rather different any conclusions from the pajQ,,Qs}. On the other hand,
from the values calculated from the crystallographic positiorthe three ratios corresponding {®,,Qs,Q¢} are fairly
of the O in the Ni compound. There are two alternative ex-close to the same value, and they show that the crystal fields
planations for this result: either the O around the Co impuritythat result from the present treatment are fairly consistent
are in different positions than in the Ni compound, or thewith the available experimental results.
model is not adequate. In the absence of experimental evi- In the present calculation we have neglected the effect of
dence to check the first alternative, we shall discuss possiblie T, triplet, that contributes ta&g in third-order pertur-
modification to the model employed above. Instead of thebation (our calculation would be of the second-orderhis
point-charge model we could use a model with dipoles, alleffect was calculated by Tuckérwho obtained contribu-
“directed away from the central ion®This model gives the tions that are about 6% of the second-order contribution for
same potential of Eq$3)—(5) but with different expression the T, deformation and about 13% for tHe deformation,
for the constant#,B,C,E. Within each irreducible represen- and would therefore not alter substantially our conclusions.
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