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Abstract. Electronic Raman transitions to levels of divalent cobalt and iron ions of the compounds
CoFs, Co:GeQq and FeFs, Fea(GeO4 are discussed. From the position and wave functions of the low
lying electronic levels it is possible to calculate the magnetic susceptibility of these compounds.
Our calculations suggest that a reasonable agreement exists between the calculated value from the
Raman spectra and the measured values of y» as function of the temperature of the samples.

1. Introduction

The observation of Raman transitions to energy levels of transition metal ions of
solids, at teraperatures above the Neel point, is a relatively new area of electronic
Raman spectroscopy. It appears now that the intensity of such transitions is suffi-
ciently high to permit a study of the positions of energy levels of compounds which
contain small amounts of the ions [1-5]. In the case [4] of black Co,GeQ, the
observed electronic transitions of Co®% were used (i) to establish an energy level
diagram and (i) to evalute the spin-orbit coupling parameter and the trigonal dis-
tortion parameter of the crystal field. This type of computation yields, apart from
the position of low lyving electronic levels, also the wave functions of such states and
employing the latter data, it is straighforward to obtain values of the magnetic
susceptibility y,, of the compound as a function of the temperature. It is, however,
worthwhile to recall that there are limitations in using this method to obtain values
of y,,. Not all crystals containing transition metal ions are suitable candidates for an
investigation of the position of their low lying electronic levels by means of electronic
Raman spectroscopy. The ions [7]. should have a degenerate ground state for a site
symmetry in the crystal of either 0, or 7.

For the purpose of electronic Raman spectroscopy the interest focusses on the
splitting of a ground term as a result of consideration of spin-orbit coupling and/or
the effect of a surrounding of lower symmetry than O, or T;. From these considera-
tions, Raman transitions are expected to occur between 10 cm * and 2000 cm ™.
The limits of detection of electronic Raman transitions to these states is then set
primarily by Rayleigh scattering because the elecironic transitions are formally
allowed. '

For instance, Co*™* is a suitable candidate if it is imbedded in a crystal with a local
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site symmetry of O, but not so for 7,. The ground term in the latter case is a 4A29
orbitally non-degenerate state which is not split to first order by either spin-orbit
coupling or environments of lower symmetry. This state is, however, split by an
external magnetic field. By and large many other transition metal ions satisfy the
conditions mentioned above which permit the application of the method of electronic
Raman spectroscopy as a tool to establish the positions of low lving electronic states
which can be used to calculate the magnetic susceptibility. We report here the results
of such a study for the compounds Fe,GeO,, CoGeQ,. CoF, and FeF,.

2. The Raman Spectra of CoF,, FeF,, Co,Ge0O, and Fe,GeO,

The Raman spectra of single crystals CoF,, FeF,, CoGeOQ, and Fe,GeO, with
shifts <2500 cm™" contain two different types of transitions; the phonons and
electronic effects. The germanates are normal spinels and belong to the space group
O, and the cobalt and iron ions occupy sites of Dy, symmetry. The Raman active
phonons of the normal spinels are of symmetry 4, g B and T, (3 x}. In an earlier
publication [4] of this laboratory the Raman spectra of a series of normal spinels
were discussed which included Co,GeQ,. The spectrum of this cubic compound was
studied empioying a reflection technique and this method was also chosen to record
and assign [8] the spectrum of Fe,GeQ,. The results are shown in Table I. Phonons

TABLE 1

Phonons and electronic Raman transitions (em~1) of some compounds containing
Co2+ and Fe?t

Phonons ' _ Electronic transitions
Symmetry: Tz . Eg Tag Arg (On)
CeQy - 302 643 757 229 900 9612
FeaGe0Qs 196 302 651 753 468 (vw) 935(vw broad)®

& All transitions contain the species E,.
b Tensors not available,

Phonons Electronic transitions
Symmetry: By E, Aig Bzy (Dan)
CoFq 256 370 787 1077 1252 1368%
FeFa 73 257 340 496 990 1116 1352(broad)®

2 All transitions contain the species A1,.

® The tensors are a mixture of A1, + A2+ Big + Bay + Fg.

The following are the temperatures for which the data were obtained:
CoFy, FeFa; 30K Co2Ge0y, FeaGeQ4; ~ 200K,

For the phonons of the germanates see Reference 4.

For the phonons of the fluorides see Reference 7.
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and electronic effects are distinguished from a consideration of (i) the position of
corresponding phonons, (ii) their symmetry and (jii) the temperature dependent width
at half height of the electronic Raman bands. From Table I it is seen that the frequency
of phonons in both spinels is approximately equal and other Raman data for spinels
suggest that the missing phonon of 77, , symmetry of Fe,GeO, is situated <200 cm™ 1.
The energy level scheme for Fe?* and Co®” in the spinels is different from that for
these ions in rutile fluorides, and this is reflected in the electronic Raman spectra of

these compounds. Electronic transitions in Co,GeQ, have been reported [4] and
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Fig. 1. Part of the 80K Raman spectrum of FeFa. X" and Y refer to the local axes of the Fe+ jon.

The local axes can be brought parailel to the crystallographic ¢ and & axes by a rotation of 45° around

the local z axis (which is also the c-axis). For the complete Raman spectrum of FeFz see Figures 1 and

2 of Reference 19. The symmetry of the Raman lines given in Table I is derived from the measurement
of the individual components of the scattering tensor.
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discussed earlier and the data of Fe,GeQ, are reported here for the first time. In
the latter compound the intensity of electronic effects is weak and the polarization
measutrements are incomplete,

The compounds FeF, and CoF, have the rutile structure and the Raman active
phonons” at K~0 are of the species A4,,+B,,+B,,+E, of the space group D},
The position of some of the phonons and assignment is well known and all data are
given in Table I. The position of the electronic Raman transitions above the Neel
temperature of CoF, were recently observed [5, 6] and we report here also the re-
levant data of Fe®" in Fel’,. An absorption band at 1115 em ™ was recorded in the
infrared spectrum of FeF, and this band was assigned [10] to an electronic transition.
Thus there is good agreement between the infrared and Raman measurements re-
ported here®. The electronic Raman eflect is very strong as can be seen in Figure 1.
The Raman spectrum of this crystal was studied in the normal way and presently it
is felt that the differences of intensities of FeF, and Fe,GeQ, is mainly due to the
fact that the latter compound had to be studied in reflection of the laser light from
the crystal. The spectra of Fe,GeO, were excited with 1,=4880 A. The position of
electronic Raman transitions given in Table I are for temperatures of the sampies
which are above the Neel temperature. However, both CoF, and FeF, become anti-
ferromagnets below 37K and 78K and consequently changes in the Raman spectra
do occur below these temperatures [6]. Thus, we would like to emphasize here that
we are discussing scattering to either phonons or electronic states of the 34 configura-
tion of single trapsition metal ions (the para magnetic state).

3. Electronic Levels, Wavefunctions and Magnetic Susceptibility

Iron in the 2 + valency state has the electronic configuration [Ar]3d® and that for
Co?* is [Ar]3d”. Thus the compounds CoF, and Co,GeQ, are Kramers salts in
contrast to FeF, and Fe,GeO, of which the electronic states do not split if the
crystals are exposed to an external magnetic field.

Since for transition metal ions in solids L is no longer a good quantum number, it
is customary to characterize the basis functions of Co®t and Fe®™ by |L_, S,).
For the * T, , manifold of Co*” six basis functions were chosen and for 3T, of Fe**
all fifteen are required to explain the degeneracy lifting effect of spin-orbit inter-
action combined with the effect of a field of thombic symmetry [11] as happens to be
the case for FeF,.

The Hamiltonian for the divalent iron and cobalf ions at the D,, site of the spinel
unit cell assumes the form [12].

H# =A(L-S)+ (L — 3). (1
Here 7= F7 where F is a factor which measures the effect of mixing of “# and *P
states of Co®™. In the free ion F=—%. For Fe®* this type of mixing does not occur

* A very infense Raman line with 4v=1082 cm~* was also observed recently by S. R. Chinn and
H. J. Zeiger. Proceedings of the Magnetism Conference, A.LP. Conference Proceedings 5, 344 (1971).
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and F=1. The value of the spinorbit coupling parameter A for an ion in a crystal is
in general not equal to that for the free ion and mostly is found that |Arree jonl > Aceys-
wil- A plot of the positions of low lying energy levels of Fe** vs §/ in a surrounding
of Dy, symmetry and based on the form of the Hamiltonian given by Equation (1),
is shown in Reference 18. Tt is true that only two electronic Raman transitions to
levels of Fe?* in Fe,GeQ, are detected and it seems somewhat presumptuous to use
these data to obtain a value of §/4. However, if the condition is imposed that the

TABLE 11
Parameters of Co?t+ and Fe?+ ions in certain compounds
Alcm™1) Af{em™1) d{cm™1)
CoaGeOy — 180 220 — 350
FeaGeOa — 100 — 100 + 600
AFecm™h) A% (em™1) A(em™1) glcm™1)
CoFa —163 236 524 — 355
FeFs —95 —05 — 1153 —95

A% and A* are average values (A ;=248 cm™1, Ay =215 cm~1 and
Az =244 cm~1,

(GRAM X
2.000  2.500  3.000  3.500  4.000

1/ %10-4
1.500

1.000

0. 500

: I ! L ¢
100.0 200.0 306-0 400.G 500.0 800.0 700.0 800.0

TEMPERATURE

Fig. 2. Reciprocal magnetic susceptibility of CoeGeO4vs T. The dotted line corresponds to the
measured value by Blasse and Fast (Reference 15) of powdered CosGeOa.
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value of the spin orbit coupling parameter for the crystal is less than or equal to that
of the free Fe®™ ion, then it is found that the transition observed at 468 cm™* ter-
minates on the third excited state,

The transition at 935 cm ™" terminates then on the ninth excited state, The results
of values of the trigonal distortion parameter 3, the spin orbit coupling parameter A
for the Fe?™ and Co27 ions in the spinel crystals are given in Table II. The results
of Co?* have been taken from a recent paper of this laboratory. A value of § for
Fe,GeO, has also been reported from a Méssbauver study of this compound [13].
The value =1150cm™ ' as found from these studies disagrees with §=600cm !
obtained from the light scattering data. However, in arriving at such a large value of
d the effect of spin-orbit coupling was neglected and the energy level diagram of
Fe** in Fe,GeO, was thought to consist of a ground state 4, , and one excited state
°E, separated by 4.

From Table I is seen that 6Fe?*»8Co?* and this change is partly due to the fact
of configuration interaction in the former and not in the latter. The Hamiltonian
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Fig. 3. Reciprocal magnetic susceptibility of FeaGeOg vs T. The dotted line represents the results of
the measured value (Reference 15) of y, the susceptibility of powdered FeaGeOa.
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for the divalent cobait and iron ions of CoF, and FeF, is more complicated in that
the transition metal ions occupy sites of thombic symmetry, This Hamiltonian assumes
the form [11]

H = A(L-S)+ A — I2) + e (12 — I2), (2)

where A is a tetragonal and & a rhombic distortion parameter.

Tt has the usual meaning as in Equation (1). The appropriate secular determinants
may again be diagonalized and similar to the case of the spinels, the computed
eigenvalues may be compared with the observed energy of the eigenstates, which in
turn permits the calculation of 4, 4 and ¢. In the case of CoF, additional experimental
information is known ; the g-factors of the groundstate have been measured for Co*™ :
ZnF, [16]. By using a computer program based essentially on the Newton-Raphson
method for iterative convergence the anisotropy of A could be established. For FeF,
the g-factors were not used and a refinement of the calculations to yield A4,, A, and
A, was not attempted, The results of the calculations are given in Table II.

The small anisotropy of A of CoF, permits one to arrive at an average value A% =
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Fig. 4. The measured (Reference 16) and calculated value of the magnetic susceptibility of CoFa.xn1

and y; refers to the situation that the external magnetic field is parallel or perpendicular to the four

fold axes of the crystal. The calculated values of x do not take into account magnetic ordering effects,
and the solid curves can only be compared with the dotted curves for 7> 37K.



496 D.H,BOAL ET AL,

=236 cm~" and in employing a value of F= —1.45 obtained from the optical spec-
trum [19] the value of 1*= —163 cm™'; which compares to —178 cm ! for the free
ion *F state and —152 for the *P state. Similar to the case of the spinels it is seen that
the distortion parameters for FeF, are smaller than those for CoF,. The reason that
4 and ¢ for CoF, and FeF, are not identical lies in the reduction of the matrices of
crystal field potential inside the configurations appropriate for the two cases. If such
a reduction is carried out then a correlation of the crystal fleld parameter is obtained
[19].

Apart from the evaluation of the distortion parameters the eigenvectors of the
electronic states follow from the diagonalization of the matrix. Such eigenvectors
have already been published [4] for Co,GeQ,, they may be used to compute the
magnetic susceptibility (y,.) by using the expression of Van Vleck [14]. The results
of such calculations are displayed in Figures 2, 3, 4, 5. It appears that the results
obtained for Co,GeO, and Fe,GeO, are encouraging but discrepancies do exist for
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Fig. 5. Calculated (solid curve) and measured (Reference 17) {dotted curve) values of 1/ywe, wvs

temperature. y11 and x: refers to the situation that the external magnetic field is parallel or perpendi-

cular to the four fold axis of the crystal. The solid curve is calculated for the case that magnetic
ordering effects can be neglected which is only for T> 78K.
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calculated and measured values of y,, for ColF, and FeF,. Presently it is felt that the
differences are related to the fact that magnetic ordering effects occur at higher tem-
peratures for the fluorides than for the spinels. Such ordering effects are not taken
into account in the calculations of the magnetic susceptibilities.

The differences are particularly evident for CoF,, because the crystal field para-
meters of this compound are known with greater precision than for the other crystals.

4, Concluding Remarks

An attempt has been made to use the technique of electronic Raman scattering to
calculate magnetic susceptibilities of some transition metal ions in certain crystals.
The data presented here seems to indicate that this technique cannot be ignored.

Compared to infra-red or fluorescence studies the electronic Raman spectra are not
complicated by the occurence of vibronic transitions and it appears also that the
electronic transitions of FeF, are very intense, in fact, they are more intense than
the intensity of the phonons and we note in passing that it is surprising to find that
this part of the Raman spectrum was not mentioned in earlier publications on Fel,.
At the same time we wish to state that, compared to the rare-Earth ions, our knowl-
edge about the electronic effect of the transition metal ions is rather limited. The
symmetry of the scattering tensor is presently under investigation, in particular, for
the Fe?* ion. Finally, in order to correlate E.P.R. and Raman speciroscopy, it is
advantageous to go to situations where the dopance of transition metal ions is low.
Here again, it seems that compounds doped with Fe** should be taken.
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