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X-band (~9.25 GHz) electron-paramagnetic-resonance (EPR) measurements have been made on a
single crystal of Fe3"-doped (NH,),InCls-H,O in the temperature range 4-295 K. The values of the
spin-Hamiltonian parameters (SHP) for the Fe** ion have been determined from line positions at various
temperatures, using a rigorous least-squares-fitting procedure. The absolute signs of the SHP are deter-
mined fom the relative intensities of the EPR lines at 4 K. The temperature dependences of the parame-
ters b9 and b3, as estimated here, have been found to be continuous, fitting well quadratic functions in
temperature, in the range 4-295 K. The present accurate determination of SHP’s corrects the previous-
ly reported controversy, i.e., a discontinuous behavior of the SHP b3 with respect to temperature, lead-

ing incorrectly to the prediction of a kink at 240 K.

1. INTRODUCTION

Diammonium indium pentachloride monohydrate,
(NH,),InCls-H,O (hereafter DIPM), is an interesting
substance for experimental studies for several reasons: (i)
It provides an excellent host lattice for electron-
paramagnetic-resonance (EPR) studies of the ferric
(Fe3") ion because both the indium salt and the analo-
gous iron salt are readily crystallizable from respective
aqueous solutions as isomorphous compounds with
known structures containing discrete molecular ions.! (ii)
It is a salt amenable to Pound’s method of nuclear align-
ment? because In nuclei possess a large nuclear electric
quadrupole moment as well as a large magnetic moment,
and there exist several known y-active In isotopes. (iii)
The symmetry possessed by DIPM crystal is appropriate
to an experimental investigation of the effect of nuclear
recoil on intermediate-state reorientation of aligned nu-
clei.> (iv) Magnetic susceptibility, heat capacity,* and
Mossbauer spectroscopic studies® on DIPM indicate that
this salt has some unique properties in comparison with
other members of the series A4,FeXs-H,0
(A=K,Rb,Cs,NH, and X=CI,Br).® (v) There exists a
discrepancy in the interpretation of the data in a previ-
ously reported EPR study by Partiti and Rechenberg;’
the plot of the spin-Hamiltonian parameter (SHP) b3
against temperature exhibited a kink at 240 K. (This is
contrary to the present measurements; see Sec. V.)

Several EPR studies of Fe’*-doped DIPM have been
reported in the literature. Cole and Garrett® reported a
preliminary measurement at 295 and 77 K. The spin-
Hamiltonian parameters of the Fe** ion in DIPM lattice
were estimated at room temperature (RT) by the use of
EPR line positions by Misra and Sharp.® More recently,
a variable-temperature study was made by Partiti and Re-
chenberg’ in the temperature range 100-295 K; they
found a 15% increase in the absolute value of the SHP b9
as estimated by them when the sample was cooled from
RT to 100 K, assuming the value of b% to remain un-
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changed over this temperature range. In particular, Par-
titi and Rechenberg’ recorded spectra for the orientation
of the external magnetic field (B) parallel to the crystal b
and c axes in the range 100-295 K. They evaluated the
SHP b from EPR line positions as recorded for B||b or
for Bjc, but not both simultaneously, assuming without
convincing justification that the values of the other SHP’s
are invariant with temperature. (It is well known that
evaluation of SHP’s from line positions observed for only
one orientation of B can lead to serious inaccuracies. '°)
The resulting values of b exhibited a kink at 240 K as a
function of temperature. They interpreted this to be due
to reorientation of NH;" ions.” (It should here be pointed
out that the x-ray data do not indicate the occurrence of
any phase transition in DIPM around 240 K.) Further,
they reported that one Fe’™ EPR line for B|jb disap-
peared completely at 235 K, without realizing that this
line had instead moved in its position, as the present data
indicate, since they did not record angular variation of
EPR line positions by varying the orientation of B.

To our knowledge, no EPR studies have been carried
out on a Fe**doped DIPM single crystal below 77 K. It
is the purpose of this paper to report an extensive
variable-temperature X-band EPR study on a Fe**-doped
DIPM single crystal between liquid-helium temperature
(LHT) and RT (4-295 K). The values of the spin-
Hamiltonian parameters of the Fe’" ion will be deter-
mined accurately at various temperatures over this tem-
perature range by a simultaneous fitting of all the allowed
EPR line positions observed for several orientations of
the external Zeeman field in the magnetic ZX plane, us-
ing a least-squares-fitting procedure, evaluating the re-
quired eigenvalues and eigenvectors on a digital comput-
er. The absolute signs of SHP’s will be determined from
the relative intensities of lines at 4 K. The temperature
dependences of b9 and b3 will be exploited to fit to quad-
ratic functions over the temperature range 4-295 K.
Particular attention will be focused on the investigation
of the kink in the b9 — T plot reported by Partiti et al.”
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II. CRYSTAL STRUCTURE
AND EXPERIMENTAL DETAILS

The crystal structure of the isomorphous salts
(NH,4),FeCls-H,0 and (NH,),InCls-H,O have been stud-
ied by x-ray diffraction by Lindqvist!! and by Klug,
Kummer, and Alexander.!? It is orthorhombic bipyrami-
dal (space group D$-P,,,.). The dimensions of the unit
cell for the iron salt are a=1.410 nm, b=1.017 nm, and
¢=0.716 nm (a:b:c=1.387:1.0:0.704), whereas those for
the indium salt are ¢=1.368 nm, b=0.988 nm, and
¢=0.702 nm (a:b:c=1.385:1.0:0.710)."> The lattice is
constituted by NH,* ions and (MCls-H,0)>” ions, where
M=Fe or In, the latter forming a complex of octahedral
symmetry. The octahedra are distorted due to unequal
sizes of the ClI™ ion and the H,O molecule, the latter be-
ing situated at a definite corner of the (MCls-H,0)*~ oc-
tahedron. There are four formula units per unit cell.

Single crystals of DIPM were prepared by slow eva-
poration of an aqueous solution of calculated amounts of
ammonium chloride, indium chloride, and ferric chloride
so as to have a starting ratio of one Fe’" ion for every ten
In*" ions, noting that not all Fe*' ions enter into the
crystal lattice in the same ratio to In** ions as they are in
the solution. The solution was made slightly acidic with
hydrochloric acid in order to prevent hydrolysis. The
concentration of the Fe’" ions is exhibited by the degree
of yellowness of the solution. A crystal of approximate
size 1.5X2.0X2.5 mm® was chosen for the present mea-
surements.

An X-band Varian V4502 spectrometer was employed
to record the EPR spectra, using a 100-kHz field modula-
tion for RT measurements and a 200-Hz field modulation
for measurements at temperatures below RT. The cali-
bration of the magnetic field was accomplished by the use
of a Bruker (B-NM20) gaussmeter. The temperature of
the sample was varied by a heater resistor inside the
liquid-helium cryostat. The temperatures were deter-
mined by measuring the resistances of the platinum and
germanium resistors in the liquid-nitrogen (LNT) and
liquid-helium (LHT) ranges, respectively.

III. EPR SPECTRA

The EPR spectra were recorded at RT for the external
magnetic-field (B) orientation in the magnetic ZY plane;
the orientation of B was varied at 3° intervals. By com-
paring the respective EPR spectra, the presence of two
magnetically inequivalent, but crystallographically
equivalent Fe’t ions, referred to as ions I and II, was
found. The magnetic X, Y, and Z axes, corresponding to
a magnetically inequivalent Fe’" ion, exhibiting extrema
of the respective allowed lines (AM ==1; M is the elec-
tronic magnetic quantum number) positions, were chosen
according to the usual convention of maximum splitting
of lines for the orientation of B along the Z axis and the
minimum splitting along the Y axis. The angular varia-
tion of the EPR line positions for various orientation of B
revealed that the magnetic ZY planes for the two magnet-
ically inequivalent ions I and II were coincident with the
crystallographic ac plane; the Z, axis was found to make
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FIG. 1. First-derivative EPR spectrum of the Fe** ion in a
DIPM single crystal at 295 K for B||Z;. The X’s represent the
allowed EPR lines belonging to Fe’" ion I; the remaining lines
belong to ion II.

angle of ~39° with the a axis. The Y|; and Z; axes were
found to make angles of ~10° with the Z; and Yj, re-
spectively. The X and X; axes were coincident with the
b axis. (Here the subscripts I and II indicate the two
magnetically inequivalent ions.) A typical spectrum indi-
cating the various transitions at RT for B||Z; is shown in
Fig. 1. The intensities of the lines belonging to the two
inequivalent Fe**' ions for the orientations of B along
their respective Z axes were found to be equal, implying
that the two magnetically inequivalent Fe** ions substi-
tuted with equal preferences at the respective In>" sites.
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FIG. 2. The angular variation of the EPR line positions for
Fe’" in DIPM for the orientation of B in the magnetic ZY
plane for ion I at 4 K. The circles represent experimental data,
while the continuous lines connect the data points belonging to
the same transition.
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Upon lowering the temperature from 295 to 4 K and
recording the EPR spectra for various orientations of B
in the magnetic ZY plane for ion I, it was found that the
general features of the EPR spectra remained the same,
except that the overall splitting for any ion for B parallel
to its magnetic Z axis increased continuously with lower-
ing temperature; as well, some lines moved in their posi-
tions. This indicated a monotonic increase in the abso-
lute value of the zero-field splitting parameter, b9, imply-
ing in turn that the crystal did not undergo any structural
phase transition over the temperature range 4-295 K.
The angular variation of the EPR line positions at 4 K
for Fe*" ion I for the orientation of B in the magnetic ZY
plane in DIPM is displayed in Fig. 2.

IV. SPIN HAMILTONIAN
AND EVALUATION OF PARAMETERS

A spin Hamiltonian appropriate to orthorhombic sym-
metry was chosen to fit the EPR line positions of Fe** in
DIPM:'314

H=pg(g,,B,S, +8:B,S, +8,,8,5,)
+1(b303+5303)

+4(b305+ 5202 +5503) . 4.1)
In Eq. (4.1) pup is the Bohr magneton, S (=3) is the elec-
tron spin of the Fe** iom, g,,, g,,, and g,, are the spec-
troscopic splitting factors, the b;” are the fine-structure
spin-Hamiltonian parameters (SHP’s), and the 07" are the
spin operators as defined by Abragam and Bleaney. '3

The SHP’s for the Fe’" ion in a DIPM host crystal
were evaluated at various temperatures in the range
4-295 K, by the use of a least-squares-fitting (LSF) pro-
cedure, "’ fitting simultaneously all EPR line positions
recorded for the orientations of B in the magnetic ZY
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plane, and employing numerical diagonalizations of the
Fe*t 6X 6 spin-Hamiltonian matrix on a digital comput-
er. The errors in the evaluation of SHP’s were deter-
mined by the use of a statistical method. !¢ The resulting
SHP values for Fe** ion I in DIPM at 4, 20, 77, and 295
K are listed in Table I. The values of the SHP’s evalu-
ated for Fe** ion II are expected to be the same as that
for Fe’" ion I, within the experimental error, because of
the physical equivalence of the two ions, the only
difference being in the orientations of the principal axes
of the various tensors.

The absolute signs of the parameters were determined
from the relative intensities of the lines at LHT. In the
spectrum for B||Z;, as the temperature was lowered to
LHT, the intensity of the highest-field line decreased rela-
tive to that of the lowest-field line. This indicated that
the absolute sign of b9 was negative in the present case. '3
The signs of the other fine-structure parameters (b;"), rel-
ative to that of b9, as yielded by the LSF procedure, are
correct.

V. TEMPERATURE DEPENDENCE
OF THE SPIN-HAMILTONIAN PARAMETERS

The values of SHP’s for Fe** in DIPM have been
presently estimated at every 10-K interval in the temper-
ature range 4-295 K. From these values, it is seen that
there are increases of 14%, 2%, and 18%, respectively, in
the absolute values of b9, b3, and b3, upon cooling the
sample from 295 to 4 K; on the other hand, there are de-
creases of 9% and 3%, respectively, in the values of b}
and bj. The b9 and b2 dependences on temperature are
exhibited in Fig. 3.

It is found that the temperature dependences of both
b9 and b3 fit reasonably well, in the temperature range
4-295 K, to the quadratic function, a +bT +¢T?, with
the coefficients a, b, and ¢ being equal to 5.192 GHz,

TABLE 1. The spin-Hamiltonian parameters (SHP’s) for Fe** ion I in a DIPM host at various tem-
peratures. (Because of the physical equivalence of ions I and II, the same values of SHP’s are expected
for ion II) The units of b/ are GHz, while the g values are dimensionless. Here y?
(GHz*)=3 ,(AE, —hv;)?, where AE, and hv; are, respectively, the experimental and calculated energy
differences between the energy levels participating in resonance, the index i covers all the resonant line
positions used simultaneously in the least-squares fitting as recorded for the orientations of B in the
magnetic ZY plane; k and v; are, respectively, the Planck’s constant and klystron frequency for the ith
line. n is the number of the resonant lines fitted simultaneously. The parameter errors are estimated by
the use of a statistical method (Ref. 16). The sign of b3 has been determined to be negative from the in-
tensity ratio between the high- and low-field lines at LHT; it is taken into account that the relative signs
of all b/", as yielded by the LSF procedure, are correct.

Parameters 295 K 77 K 20 K 4 K

82 2.012+0.004 2.0174+0.003 2.019+0.002 2.020+0.004
&y 2.015+0.005 2.019+0.002 2.020+0.003 2.021£0.003
bS —4.563+0.003 —5.182+0.002 —5.201£0.003 —5.2054+0.002
b3 2.551+0.002 2.576+0.004 2.587+0.005 2.590+0.003
b9 0.032+0.005 0.039+0.002 0.037+0.003 0.038+0.002
bl 0.021+0.002 0.014+0.003 0.018+0.005 0.019+0.001
b} 0.217%0.003 0.208+0.005 0.213£0.002 0.211+0.002
n 102 96 96 96

x? 0.35 041 0.56 0.36
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FIG. 3. Variation of the spin-Hamiltonian parameters b9 and
b3} as functions of temperature for Fe’" in the DIPM crystal.
The open and solid circles represent the absolute values of b9
and b3, respectively. The continuous lines represent the least-
squares fit to the respective quadratic functions in temperature.

6.023X107* GHz/K, and —8.659X 10~ % GHz/K?, re-
spectively, for bg, while they are equal to 2.591 GHz,
—1.915X107* GHz/K and 1.699X 10”7 GHz/K? re-
spectively, for b3. Similar quadratic temperature depen-
dences of b have also been reported for Gd**-doped
LaAlO; (Ref. 17) and LiYF, (Ref. 18). In order to ex-
plain these dependences, it is noted that early theoretical
approaches!®? yield an expression for 59 in the form

by=C,49+C,(49)?, (5.1)

where the A" are the crystal-field parameters,?! and the
coefficients C,,C, depend on a number of mechanisms; in
particular, the spin-orbit coupling and the spin-spin in-
teraction. However, C, and C, are not significantly
dependent upon temperature.!” Thus, the temperature
dependence of b;” is mainly due to those of A;”. Finally,
for the quadratic temperature dependence of b/, it is
necessary that the A" be predominantly linear in tem-
perature in the range 4-295 K.

It should be noted that Partiti and Rechenberg’ report-
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ed a discontinuous behavior of the value of b9 against
temperature in range of 295-100 K, leading to the oc-
currence of a kink at 240 K. This misleading result is ob-
viously due to their incorrect estimation of 9. This hap-
pened because b was estimated by them from the EPR
line positions recorded either for B||b, or for B|c, rather
than from a simultaneous fitting of a large number of line
positions obtained for several different orientations of B.
(They only stated that the SHP’s evaluated from the line
positions for B||b were the same as those evaluated from
line positions for B|jc.) Further, the value of b9 was eval-
uated by them with the unjustifiable assumption that all
other SHP’s are temperature independent.

VI. CONCLUDING REMARKS

From the angular variation and temperature depen-
dence of the EPR spectra, the values of the spin-
Hamiltonian parameters (SHP’s) have been determined at
various temperatures, using a least-squares-fitting pro-
cedure, fitting simultaneously a large number of line posi-
tions recorded for several orientations of the external
magnetic field. The absolute sign of b} has been deter-
mined to be negative from the relative intensities of lines
at 4 K. The temperature dependences of b and b3 are
found to be continuous, and to fit to the quadratic func-
tions of temperature in the range 4-295 K. This con-
tinuous behavior is in contradiction to the previously re-
ported discontinuous behavior deduced by Partiti and Re-
chenberg,” who reported a kink in b9 versus temperature
plot at 240 K because of an incorrect evaluation of the
parameter b).
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