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Electron-paramagnetic-resonance spectra of Ni>* -doped Zn(BF,),-6H,0:
Temperature and concentration dependence
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The single-ion spin Hamiltonian parameters have been determined for zinc fluoroborate hexahydrate
doped with Ni** (3d%, S =1) and compared with those obtained for nickel fluoroborate hexahydrate. To
account for the differences observed, EPR for several concentrations (x =0.005 to 1) was studied from
room to liquid-helium temperature. Between 4.2 and 1.5 K, for low doping, they are constant with
£ =2.229+0.006, g, =2.261+0.025, and D = —(0.1291+0.0008) cm™'. Appropriate values for nickel
fluoroborate are nearly the same but they are weakly temperature dependent, attributed to a ferromag-
netic interaction. At higher temperatures these parameters are remarkably concentration dependent.
Two main lines arise in parallel orientation. For concentrations up to x =0.04 and at 77 K, they show
asymmetrically distributed satellite lines outside the more intense central portion. The satellite lines
seem to increase with concentration but only those assigned to a ferromagnetic-coupled first-neighbor
pair survive the simultaneous broadening effect. As the broadening is asymmetric, the lines’ centers shift
smoothly outwards. At x =~0.7, we observe maximum broadening; for larger x no structural detail is
seen and the spectra are progressively exchange narrowed. At the same time, the two lines are drawn to-
gether. The linewidth dependence on concentration indicates that the Ni ions have randomly occupied
the Zn sites as expected, and that the contribution from spin-lattice relaxation practically does not
change with concentration. We conclude that the differences in the spin Hamiltonian parameters are
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due essentially to magnetic interactions throughout the whole temperature range.

I. INTRODUCTION

Electron paramagnetic resonance (EPR) is a very sensi-
tive technique available currently to study Ni’* centers
for a large number of phenomena like phase transitions,’
magnetic interactions,” etc. In our previous works, we
reported EPR of Ni(BF,),-6H,0, nickel fluoroborate hex-
ahydrate, hereafter referred to as NFB, and Ni**- and
Mn?"-doped isomorphous zinc fluoroborate hexahydrate
(ZFB), Zn(BF,),-6H,0. The temperature dependence
(100-300 K) of the spin Hamiltonian parameters,’ >
linewidths>* and angular variations®>® of the spectra
were reported. An apparent phase transition was detect-
ed in ZFB but not in NFB, characterized by anomalies in
zero-field splitting (Refs. 4,5) and g factors.*

In the present work we have extended the EPR study
of Ni**-doped ZFB, changing the molar concentration of
Ni from x=0.005 to 1 to investigate the magnetic-
interaction effect on the spectra. We will show that this
type of interaction is responsible for differences in the
spin Hamiltonian parameters between diluted and pure
NFB crystals and for anomalies that we have reported as
a phase transition. These features were clarified with
measurements down to liquid-helium temperatures.
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II. CRYSTAL STRUCTURE, SAMPLE PREPARATION,
AND EQUIPMENT

ZFB forms a pseudohexagonal’ lattice equivalent to a
body-centered orthorhombic structure with lattice con-
stants a =7.62, b=13.20, and ¢=5.30 A. For the iso-
morppous7 NFB they are respectively 7.66, 13.27, and
5.16 A. The (Ni-6H,0)** octahedron site is at the center
of another flattened octahedron formed by BF, mole-
cules. Their trigonal axis is common, pointing along the
c axis. It is easily identified as the needle growth axis in
our monocrystals.

Samples were prepared using all reagents with
paramagnetic-impurity content below 1 ppm. As the
commercially available fluoroboric acid was not so pure
we prepared it by reacting high-purity HF and H;BO;.
The resulting HBF, was reacted with ZnO and NiCO;.
Each solution was mixed in the desired proportions. It
was maintained in a water bath at 37.0°C allowing slow
evaporation for some days until crystals shaped like
triangular-based prisms of about 2 mm long were grown.
The true molar concentration of Ni atoms in the crystals
was measured by optical absorption® of the solutions ob-
tained by dissolving weighed crystals in known volumes
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FIG. 1. True concentration of Ni* doped in Zn(BF,),-6H,0
monocrystals with the mother solution molar percent concen-
tration.

of distilled water. The Ni content was always higher in
the crystal than in the mother solution, as is illustrated in
Fig. 1. The green color of the samples was more intense
for higher concentrations. Powder x-ray diffraction
confirmed the expected structure.

EPR spectra were obtained in a conventional X-band,
homodyne, JEOL model JES-PE-3X spectrometer. Tem-
perature was varied using JEOL accessories with
nitrogen-gas flux from 100 to 300 K. At 77 K an
insertion-type Dewar vessel was used. Below 77 K a su-
perheterodyne homemade spectrometer with sealed cavi-
ty immersed in liquid nitrogen or helium was used.
Lower-temperature measurements were done by pumping
on the liquid bath.

III. LOW-TEMPERATURE SPECTRA (4.2-15K)
The spin Hamiltonian ascribed to Ni* (3d%,§=1) is
H=gBH,S,+g B(H,S,+H,S, )+DS?,

where g, and g, are the g factors with the external mag-
netic field applied parallel and perpendicular to the dis-
tortion axis. The detailed procedure to obtain these pa-
rameters was described elsewhere.> Angular variation of
the spectra indicate that the trigonal distortion is
preserved along the ¢ axis down to liquid-helium temper-
atures.

In Fig. 2 we show the thermal variation of the center of
the lines with the magnetic field applied parallel to the
trigonal axis. Results for one diluted sample and for
NFB are shown for comparison. For the diluted crystal
both lines are constant with temperature. The low-field
line centers coincide for both samples within the experi-
mental error. The difference is observed in the high-field
lines, where the NFB lines are slightly lower and fall off
slowly on lowering the temperature. In consequence, this
behavior produces higher values for g, and lower values
for D. This is so because for D <hwv (valid for T <125 K
for our samples), g, and D are given® by

g, =2hv[B(H,,+H,)]™",
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FIG. 2. Temperature dependence of the center of the EPR
lines at liquid-helium temperatures for samples with molar con-
centration of Ni x =0.027 (crosses) and x =1 (open circles).

D=hv(H,,—H, ) H,+H,)™ ",

where H,, and H,, are the low- and high-field centers of
the lines, respectively. In the diluted sample, the con-
stant g and D parameters indicate that no deformation or
appreciable lattice vibration is present. Thus the varia-
tion in NFB can be attributed to the spin-spin interac-
tion. Dipolar interaction in noncubic lattices and fer-
romagnetic exchange interaction shift the center of the
lines!® as we observed. However, considering that the
temperature was not sufficiently low nor the microwave
frequency sufficiently high to measure first-moment shifts
accurately, this conclusion is mainly qualitative.

The relative intensity of the EPR lines is affected by
population differences in the spin energy levels at liquid-
helium temperatures. The low-field line intensity for the
diluted sample remained practically unchanged with tem-
perature while for the high-field line it was 34% higher at
4.2 K compared to that at 1.5 K. This is an indication
that the spin doublet is lower than the singlet (D <0) in
our crystals.

IV. CONCENTRATION-DEPENDENT SPIN
HAMILTONIAN PARAMETERS g AND D

In Table I we give representative parameter values for
diluted samples. They are the best values for single-ion

TABLE 1. Temperature dependence of the single-ion spin
Hamiltonian parameters obtained from the sample with molar
concentration x =0.015, except for 4.2-1.5 K where the
x =0.027 sample was used.

T (K) g g D (cm_l)
300 2.2401+0.012 2.250+0.012 —0.6201+0.004
100 2.270+0.014 2.287+0.016 —0.23141+0.0020

77 2.270+0.006 2.2631+0.028 —0.1898+0.0009
55 2.218+0.006 2.28410.028 —0.16120.0009
4.2-1.5 2.229+0.006 2.261+0.025 —0.1291+0.0008
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spin Hamiltonian parameters as we have taken advantage
of the dilution effect that minimizes the linewidth. At 77
K and below, the main lines have an intense and nearly
symmetric central portion with the width so small that
some satellite lines appear. The existence of these lines
suggests that the spectra have a complex structure. In-
creasing concentration seems to alter the intensity and
the number of components producing asymmetrically
broadened spectra. For NFB the spectra are more sym-
metric, exchange narrowed, and no structural detail can
be observed even at liquid-helium temperatures.

In Table II we present similar parameters for NFB.
The small departures from those at liquid-helium temper-
atures shown in Table I are due to spin-spin interaction
as described in Sec. III. At high temperatures D is about
10% smaller than the values fitted for diluted samples.
As the variation in g factors with concentration is not so
meaningful we will not analyze it. In Fig. 3 we depict the
thermal variation of D for some representative concentra-
tions. The low-temperature side of this figure shows that
D stops decreasing and seems to converge to a same
value. It is on the high-temperature side that a remark-
able difference with concentration is seen. To understand
it let us show the concentration-dependent spectra at 77
K in Fig. 4. For x =0.015 the linewidth is considerably
reduced and satellite lines are disclosed. Placed at an in-
termediary position between the two main lines and near-
er the low-field line, the most intense and narrow of the
subsidiary lines is due to a Am =2 transition also known
as the “forbidden” line.!! For a more concentrated sam-
ple two satellite lines sited at the inner position (one at
the right side of H,, and the other at the left side of H,,)
are particularly remarkable in their intensity and con-
stancy (see Fig. 4 for x =0.15). They alter their sides of
the spectra considerably and persist up to x =0.7. The
spectra are simultaneously broadened with increasing
concentration, suggesting that more lines have been gen-
erated such that the structural detail is gradually disap-
pearing. As these components are indeed asymmetrically
distributed, the ‘“‘centers of gravity” of these groups
smoothly shift out, which surely provides changes in the
g and D values. The above-described intense satellite
lines are probably related to ferromagnetic coupling be-
tween first neighbors, similar to that considered by Gal-
kin, Kozhukhar’, and Tsintsadze'? in Ni:ZnSiF¢-6H,0.
This type of pair gives satellite lines more distant from
the main line at the inside position, as in our spectrum of
Fig. 4 (x=0.15). Pairs coupled antiferromagnetically

TABLE II. Temperature dependence of the spin Hamiltoni-
an parameters for NFB (x =1 sample).

T (K) g g1 D (cm™))

300 2.311£0.025 2.226+0.025 —0.5371+0.004
100 2.275+0.005 2.315+0.005 —0.1928+0.0010
77 2.254+0.020 2.366+0.020 —0.1703£0.0010
55 2.269+0.020 2.312+0.025 —0.1501+0.0010

4.2 2.27+0.04 —0.124+0.005
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FIG. 3. Temperature dependence of the crystal-field distor-
tion parameter for some molar concentrations x of Ni.

should give similar lines at outside positions. At x =0.7
when maximum broadening has taken place, the
linewidth becomes progressively narrowed. In this way
we concluded that each group of the complex structure of
lines has been merged by exchange interaction.'® Besides
the exchange merging and subsequent narrowing of each
main H,, and H,, group a drawing together also occurs
(see the spectrum for x =1 in Fig. 4). This can be as-
signed to the exchange tending now to merge these
groups as a result of its strengthening with concentration.
This also changes the parameter values for NFB.

In our earlier work we have reported that there are two
linear regions in the D versus T curve for diluted sam-
ples* with different slopes above and below 190 K. We
have interpreted this as an anomaly due to a phase transi-
tion connected to the dynamic behavior of H,O or BF,
groups. A similar feature was not observed in NFB.>

4
H(kG)

FIG. 4. EPR spectra with the magnetic field applied parallel
to the crystal-field distortion for different molar concentrations
x (hv=0.3096 cm~!, T=77 K).
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FIG. 5. Concentration dependence of the temperature-

independent linewidth parameter.

With the present measurements we can say that the
above conclusion was drawn in the absence of low-
temperature data. Actually, D changes in concavity at
low temperatures for any concentration and goes to a
constant value at liquid-helium temperature (shown in
Fig. 3). This concavity change could still indicate a phase
transition. The linear variation of the D versus T curve
at high temperatures and the constant D value at low
temperatures agree with the Walsh!# model based on lat-
tice vibrations. At intermediate temperatures the under-
lying physics is very difficult to determine. Therefore
EPR alone cannot draw a sure conclusion about the ex-
istence of this phase transition.

V. MAGNETIC INTERACTION EFFECT
ON LINEWIDTH AND FORM

In our previous works>* we reported that the variation
in linewidth at maximum slope is given by

AHys=a+bT?,

where a represents the contribution from spin-spin in-
teraction and the quadratic term is characteristic of the
two-phonon Raman process of spin-lattice relaxation.!!
This law was verified in all the samples above 220 K. The
a parameter varies as x !’2 with concentration (shown in
Fig. 5). This indicates that in the Ni-doping process the
Zn lattice sites are populated with equal probability.!!
Above x =0.7 the linewidth starts to decrease because of
exchange narrowing.

The concentration dependence of the b parameter is
shown in Fig. 6. It decreases very slowly, indicating that
there is no appreciable change in lattice vibrations with
concentration. At higher concentrations it is also
affected by the exchange narrowing. Using a similar pro-
cedure to that of Rubins, Clark, and Jani!® and taking the
same values adopted by them for A and v for
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FIG. 6. Concentration dependence of the T2 coefficient
linewidth parameter. The straight line corresponds to
b=51x""*(10"*GK™?.

NiSiF4-6H,0, we estimated the Debye temperature of
ZFB (x =0.05) as ®, =~98 K. That is of the same order
as their ®, =107 K.

We have obtained nearly symmetric lines only below
x=0.05 and above x =0.7. At intermediate concentra-
tions we have analyzed only the outer half of the lines
where no splittings were evident. Below x =0.15 the line
was nearly Lorentzian and above it was nearly Gaussian.
This is in fair agreement with the Kittel and Abrahams'®
theoretical prediction. These considerations are valid
only at 77 K and below. At higher temperatures all the
lines are considerably lifetime broadened in consequence
of the spin-lattice relaxation effect, so that no structural
vestiges remain and they are more nearly Lorentzian.

VI. CONCLUSIONS

Ni?* dilution in zinc fluoroborate hexahydrate crystals
was useful to narrow the EPR spectra to determine accu-
rate single-ion spin Hamiltonian parameters. Differences
in these parameters between diluted and pure nickel
fluoroborate samples at first sight might be attributed to a
little difference in the size of the lattice. However, the
present work shows that spin-spin interactions do not
merely broaden the spectra but also shift their centers
even at high temperatures. Analyzing  the
concentration-dependent spectra, we concluded that
magnetic interactions are the chief cause of these
differences.
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