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Low-spin high-spin equilibria in 1 T-Fe„Ta& „S2 (x & 1/3) and the temperature dependence
of the associated energy gap

M. Eibschutz, M. E. Lines, and F. J. DiSalvo
Bell Laboratories, Murray Hill, New Jersey 07974

(Received 1 July 1976)

Measurements of magnetic susceptibility and Mossbauer isomer shift are reported for 1T-Fe„Ta, „S, (x ( 1/3)
and indicate the existence of a gradual transition from low-spin to high-spin Fe'+ as a function of increasing

temperature. A quantitative analysis of the data reveals that the energy gap between the ground 'A, state and

the lowest of the spin orbitally split 'T2 levels is temperature dependent. The detailed behavior, which is

dependent on concentration x, can be quantitatively understood in terms of a modulation of the cubic crystal
field and Hund's-rule exchange energies by the motion of the local ligand environment and includes important
contributions both from a static striction mechanism and from the thermal excitation of the relevant local
mode.

I. INTRODUCTION

Because of the comparable magnitude of cubic-
crystal-field splitting and Hund's-rule exchange in
certain magnetic materials containing 3d transi-
tion-metal ions, transitions between low-spin and
high-spin levels have long been anticipated and
indeed observed in several situations. ' ' The
basic mechanism of such a low-spin (LS) high-
spin (HS) transition has been outlined by Bari and
Sivardiere' (following earlier work by Chestnut' )
and, in the simplest case of effectively isolated
magnetic ions, takes the form of a coupling be-
tween the magnetic properties and a local lattice
distortion. For Fe" (Sd') the relevant states are
LS 'A, (t,'), a singlet, and HS 'T, (t,'e') with 15
levels split by spin-orbit coupling and lower-sym-
metry crystal field. The most dramatic effects
as a function of temperature are seen when the
singlet is lowest, and Bari and Sivardiere find
for this situation that the resulting transition may
be sharp (actually first order) if the coupling to
the lattice is strong enough, or "continuous. " In
the latter case the "transition" occurs as a func-
tion of increasing temperature in a statistical
sense only via a thermal population of the higher-
degeneracy HS levels, although the coupling to
the lattice is still important and manifests itself
as a thermal modulation of the LS-HS energy gap.

In this paper we describe the first observation
of a continuous LS-HS transition in Fe" and the
first detailed observation and quantitative theo-
retical explanation of the temperature dependence
of a LS-HS energy gap (preliminary reports of
this work have been given in Refs. 9 and 10). We
have carried out measurements of magnetic sus-
ceptibility and Mossbauer isomer shift in the
substitutionally iron-doped layer chalcogenide
material 1T-Fe„Ta, A for several different con-

centration levels up to x= —,', and have established
that the iron enters exclusively as Fe" and under-
goes a continuous LS-HS transition between -200
and -500'K, with the detailed behavior depending
on concentration. A careful analysis of the data
using a statistical model with a LS-HS energy
gap E, between the 'A, ground state and the lowest
of the 'T, levels reveals that E, is temperature
dependent, and we are able to ascertain the de-
tailed form of this temperature dependence for a
series of concentrations x. By extending the the-
ory of Bari and Sivardiere to include spin-orbit
coupling within the 'T, levels and the dynamic as
well as static effects of local l,igand vibrations on
the striction process, we are able to provide an
essentially quantitative understanding of the tem-
perature dependence of the gap for each x and
thereby to confirm the physical origin of the ef-
fect.

The paper is organized as follows: Following
the Introduction, the sample preparations and our
experimental techniques are described in Sec. II.
In Sec. III we present and analyze our susceptibil-
ity and Mossbauer spectra. Since the nominally
pure 1T-TaS, is metallic at high temperatures
and exhibits charge-density-wave instabilities at
lower temperatures, "no quantitative magnetic
analysis of the iron-substituted material can be-
gin until the role played by conduction electrons
(e.g., Pauli paramagnetism) and the proper char-
acterization of the iron valence state is accom-
plished. This is described in Sec. IV, where it
is established that the conduction electrons play
no significant magnetic role for concentrations
x& 0.1 and that the iron is essentially 100% Fe"
at our temperatures of interest. Section V de-
scribes the formal LS-HS statistical theory for
Fe" with an energy gap E, which is carried
through simply as a temperature-dependent pa-
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rameter to be determined by quantitatively fitting
the susceptibility and Mbssbauer data. The actual
analysis of the data and determination of the pre-
cise temperature dependence of E, for each x is
described in Sec. Vl. Finally, in Sec. VII the
"striction" mechanism by which the cubic crys-
tal fieM and Hund's-rule energy are modulated
by ligand motion is detailed and the resulting the-
ory used to fit the derived E,(T) curves for each
xo

II. EXPERIMENT

IT-Fe„Ta, P, (x ~ —,) was prepared from stoichi-
ometric mixturesof Ta, Fe (or Fe"), and S sealed
in a small quartz tube under vacuum (10 mTorr or
less) and reacted initially for several days at
800'C. After this initial reaction, the samples
were opened, ground, pressed into pellets at
50000 psi, and resealed in the quartz tube with
enough excess sulfur to give approximately 1-2
atm vapor pressure at 900'C (i.e., 1-2 mg/cm'
of internal tube volume). These samples were
reheated to 950 C for 7 d, so that diffusion of
the eations could occur producing essentially ho-
mogeneous pellets. The technique is described
elsewhexe. "" Single crystals were prepared by
iodine vapor transport [= 5 mgI/cm'] in closed
quartz tubes usually 16 mm i.d. and 200 mm long. "
Again, for crystal growths, excess sulfur
(1-2 mg/cm') is added to the transport tube. The
growth temperature was -700'C. The tempera-
ture gradient between the (hotter) starting powder
and the growth zone was between 50 and 100'C.
Complete transport occurred in 7-10 d, after
which the tubes were rapidly quenched in cold
water to ensure retention of the 1T phase. X-ray
diffraction confirmed the presence of the 1T phase
An additional confirmation of the pure-1T crystal
phase was provided by the fact that the smooth
basal plane surfaces cleaved easily parallel to the
layers and had the proper color (yellow bronze).
X-ray fluorescence verified that the Fe was indeed
included in the crystal in the desired level.

IT-Fe„Ta, „S,has the CdI, structure'"" [ne-
glecting small distortions due to the charge-den-
sity wave (CDW)] which is the stable structure
toatleast800'C when x~ 0.02. X-ray and elec-
tron-diffraction studies indicate that the Fe is
randomly (or almost so) distributed on Ta sites;
no evidence of Fe ordering is seen at any x» 3.
200-KV transmission-electron-diffraction studies
clearly show the existence of a CDVf" in these
compounds at room temperature for x» 0.10; at
0.15» x» —,

' diffuse scattering is observed but no
sharp satellite peaks are seen that mould indicate
a CD% with a long coherence. " It is possible that

in the latter range of x the CD% is not the ground
state of the system, but that local distortions" or
even short-range Fe order account for the diffuse
scattering.

Magnetic susceptibility (y) was measured on
powder samples from 4.2 to 800'K using a Fara-
day technique. " The absolute accuracy of the
susceptibility compared to several standards is
+2%. The "Fe Mtissbauer-effect (ME) spectra
were obtained in a standard transmission geome-
try with a conventional constant-acceleration
spectrometer. " The ME spectra were taken be-
tween 4.2 and 820'K. Temperatures of 4.2 and
77.4'K mere obtained with the sample hoMer mea-
sured in a cryogenic liquid. Texnperatures be-
tween 90 and 300'K wex'e obtained with the sample
holder mounted in a Dewar vacuum space on a
"cold finger" connected to the liquid reservoir by
a thermal resistance. In the latter case the tem-
perature was measured by a platinum resistance
thermometer. A germanium resistance thermo-
xnetex' was used as a sensor for an automatic
temperature controller which controlled the cur-
rent to a heater on the cold finger. %e estimate
that our platinum resistor provided a measure of
the average sample temperature accurate to
k 0.5 K. More details are described elsewhere. "
A radiation-shield-insulated vacuum furnace was
used for high-texnperature measurements. " A
Pt-Pt (10% Rh) thermocouple was used for our
commercial automatic temperature controller.
The temperature was measured by a second Pt-Pt
(10/o Rh) thermocouple. We estimate that the
average sample temperature was accurate to
+ 1'K.

III. RESULTS AND PRELIMINARY ANALYSIS

The magnetic susceptibility per mole of Fe (y )
is shown in Fig. 1 for powder samples at different
x. The data in Fig. 1 have been corrected by sub-
tracting a small Curie contribution at low T (which
increases as I/T). Further, only changes from
the low-temperature diamagnetic state are shown.
Also, we do not attempt to correct at this moment
for a temperature-dependent Pauli susceptibility
that is seen in the nonmagnetic analog"
IT-Ti„Ta, P,—but this should be 15% or less of
the total X at 900 K and x= 0.05, and proportionally
smaller at larger x, %e return to this point later.

The data clearly show that Fe has no magnetic
moment at low temperatures, but that at high tem-
peratures a moment appears, which for low x
roughly approaches the Curie X expected for a
spin state (S=2, g=2). At high temperatures
there x.s a change Ul behavior when x~ 0.15, in
that y approaches the same value independent
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FIG. 1. Magnetic susceptibility per mole of Fe (X~)
for 1T-Fe„Ta& „8& povrder (0.05» x~ 3} versus tem-
perature.

of x. Only at x= 3 were small thermal hysteresis
effects observed (as shown).

The ME absorption spectra for 1T-Fe„Ta, „8,
were taken in a mosaic of single crystals oriented
with the c crystallographic axis parallel to the

y rays. For x=0.1 an enriched sample in "Fe
has been used. The "Fe metal has been obtained
by reducing "Fe,O, at 1000'C in flowing hydro-
gen. A characteristic low-temperature ME spec-
trum for x=0.1 is shown in Fig. 2; examples of
ME spectra in the transition region are shown in

Fig. 3. Representative examples of the ME ab-
sorbtion spectra for x=-,' at 4.2 K and above room
temperatures are shown, respectively, in Fig. 4
and 5. A least-squares fit to a sum of two Lorent-
zian curves is shown in Figs. 2-5 by the solid
lines.

The two resonance lines observed in every spec-
trum are due to quadrupole splitting. At room
temperature 282qg = —0.57 + 0.01 and —0.66 + 0.01
mm/sec for x=0.1 and x= —,'„respectively. At

4.2'K, —,'e'qQ= —0.73+0.01 mm/sec for both x.
The linewidth is broad. At room temperature for
x=0.1 the low-velocity ME linewidth is about 30'po

larger than that of the high-velocity one. The
average full width at half-maximum (FWHM) is
0.38+ 0.01 mm/sec for the low-velocity ME line.
For x= 3 the linewidth of the ME lines is about
the same. At room temperature the FTHM is
0.33 + 0.01 mm/sec. The room-temperature
relative intensity (area ratio) of the lines is 1:2.35
instead of the theoretically expected 1:3, and may
be due to misorientation of the mosaic of the sin-
gle-crystalplatelets, saturation effects, or the fact
that the local symmetry may be no longer exactly
axial symmetric due to the presence of incommen-
surate charge density waves.

l I I

0
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FIG. 2. Mossbauer absorption spectrum of Feo &Tao &S&

at 4.2 'K. The solid line represents the sum of two
Lorentzian least-squares fits to the data.

The center shift (measured by the center of the
one spectrum) as a function of temperature for

0o 1Ta0o 9S2 and Fel / 3Ta2 / 3S2

6. The magnitude of the isomer shift (0.63+0.01
mm/sec) at 4.2'K is the largest reported for "Fe
in a low spin state ('A, ).20 This indicates a high

degree of covalency in these metals. The center
shift as a function of temperature has an "anom-
alous" behavior. The center shift as a function
of concentration is also different from that ex-
pected. The y and center-shift data show (as we

shall demonstrate later on) a gradualtran. sition
from low-spin to high-spin Fe2' with increasing
tempera, ture.

At low temperatures one set of Mossbauer lines
has been observed. Again in the transition range
200-500'K, only one set of ME lines is seen, with

less than 10/o difference in linewidth as compared
to above or below this region; that is the maximum
possible increase in linewidth is = 0.03 mm/sec,
which is much smaller than the difference of the
(extrapolated) low-temperature and high tempera
ture center shift (5, ) (0.15 mm/sec). This shows
that the transformation is dynamic, the Fe atoms
in the transition regime fluctuating between the
low- and high-spin states faster than the inverse
of the spectral splittings involved of 10 ' sec.
Low-spin-high-spin transitions of Fe'+ have been
previously observed, primarily in organometallic
complexes. In those cases two separate static
Fe sites exist in the transition region; i.e., two
sets of MOssbauer lines are seen, the intensity
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FIG. 3. Examples of Fe Mossbauer absorption spec-
tra of 1T-Fe„Taf gSg in the transition region. The solid
lines are obtained by least-squares fits of the data to
sums of two Lorentzian curves.
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of one set growing while the other decreases. In
1T-Fe„Ta, „S, each Fe atom must rapidly change
its electronic state in the transition region so that
the Mbssbauer spectrum is time averaged and
only one set of resonance lines is seen. This un-
usual behavior of the y and 5~ data as a function
of temperature and concentration will be discussed
in the following sections.
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IV. MAGNETIC SUSCEPTIBILITY—GENERAL OBSERVATIONS
98

T = 296K

The powder susceptibility data of Fig. 1 clearly
show the absence of a magnetic moment at low
temperatures for all concentrations x. This can
only realistically be interpreted in terms of the
existence of a singlet ground state for each Fe ion
separately. The only other possibility would be
in terms of a clustering of iron atoms into small
even (but not odd} antiferromagnetic clusters —a
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FIG. 5. Mossbauer absorption spectra of
1T-Fe&~3Ta&~3S2 below and in the transition region.
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FIG. 6. Center shift of the Mossbauex absorption
y ray of 57Fe in 1T-Feo, ~Tao. 9S2 expressed relative to
metallic iron at 296 'K (dots). The open circles are
0 $ fox Feg/3Ta2/3S2. The dashed curve is the (assumed)
second-order Doppler shift for low-spin Fe '. The full
curves are the best-fit theory from Sec. VI using k
=0.5, 6/k[n&~ = —I, and the E~ data of Fig. 12. The
implied high-spin Fe2+ SOD curve of Eq. (8) is shown by
the point-dashed curve for x= 0.1. The dotted curve
is the best-fit theoretical curve for x= 0.1 obtainable
with a temperature-independent energy gap.

most unlikely situation. In general one would ex-
pect that the valence of Fe in a sulfide wouM be
3+ at most, the only other possibility being 2+.
In the octahedrally coordinated substitutional (Ta)
site there are accordingly only four possible mag-
netic states, viz. , LS Fe" (8=0), HS Fe" (8=2),
LS Fe" (8=-,), and HS Fe" (8= -',). Clearly the
low temperature state is I S Fe".

As the temperature is raised the susceptibility
data show that a magnetic moment develops which
at the highest temperatures measured has reached
a value of (4-5) p,s. This can be qualitatively un-
derstood as a thermal population of higher-energy
HS Fe" levels (with magnetic moment = 4.9ps for
g=2, and larger if orbital contributions are sig-
nificant) or as a thermal excitation of the sixth
Fe" electron into the Ta. conduction d band leaving
behind high-spin Fe" (with magnetic moment
= 5.9p, s), or possibly as a combination of both. An
additional complication expected for any attempt
at quantitative interpretation is the possible pres-
ence of a temperature-dependent PRuli paramag-
netic contribution from the d-band conduction
electrons themselves.

A number of these uncertainties can be resolved
merely by plotting the susceptibility dRtR of Flg. 1
in the form y„T vs T ' as shown in Fig. V. If the
dominant effect of increased tempexature is a
thermal excitation of Fe2' electrons to the Ta d
band then we expect y as T '-0 to approach a
value characteristic of Fe". Neglecting for the
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FIG. 7. Higher-temperature susceptibility data from
Fig. 1 replotted as y~T vs 1jT and extrapolated to in-
finite temperature. On the ordinate we show the limiting
values expected fox Fe+ high spin and Fe2' HS (see
text). The proposed shift of the x= 0.05 curve on sub-
traction of a Pauli term (see text) is denoted by arrows.

moment possible Pauli complications we find,
using 8= & and orbital angular momentum I.=0
(i.e., g= &), a v«e (g T)r „=4.374 emu'K/mole.
If the dominant thermal effect is an intraion exci-
tation from LS to HS Fe" then, by virtue of the
much higher multiplicity of the HS levels, we
anticipate that the value of X T as T-~ should
closely approach that appropriate for HS Fe'+.
This is a little more difficult to calculate (since
it depends on the effects of orbital angular mo-
mentum which is not quenched in HS Fe") and
may vary between = 3.0 and 3.3 emu'K/mole, de-
pending on the precise symmetry and covalency
of the Fe in the Ta site (see below for details).

From Fig. 7 we see that the higher-tempera-
ture X T curves for x=0.1 to —,

' extrapolate rather
convincingly to the HS Fe'+ alternative. This has
two important implications: (a) that the dominant
effect leading to the existence of a high-tempera-
ture magnetic moment is the thermal activation
of the LS-HS Fe" transition and (b) that Pauli
contributions (which would cause the curves to
extrapolate to higher values of the ordinate) are
essentially absent for iron concentrations in ex-
cess of x=0.1. The latter is presumably correla-
ted with the large increase in resistivity resulting
from iron doping. The x=0.05 curve in Fig. 7,
which at first sight seems anomalous, can now be
understood in terms of the existence of a Pauli
contribution of non-negligible proportions in this
the most electrically conductive of the iron-doped
sRmples. To bring the x=0.05 cul ve into qualltR-
tive accord with the others (see Fig. 7) requires
a Pauli contribution which increases with increas-
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ing T and reaches a value -0.13 x 10' emu/g at
the highest temperatures observed (=800 K). This
can be compared with the measured susceptibil-
ity" of 1T-TaS, itself which reaches values
-0.2 x 10' emu/g at higher temperatures. Since
resistivity appears to increase monotonically
with concentration x for fixed T, and monotoni-
cally with decreasing T for fixed x, this Pauli
estimate for 1T-Fe, p Tap g5S, is certainly not
physically unreasonable. Since the addition of
small amounts of substitutional impurity" rapidly
removes the quasieommensurate and commen-
surate CDW instabilities responsible for the dis-
continuities evident in the TaS, susceptibility
curve, " similar discontinuities are not antici-
pated for the x= 0.05 curve.

With this explanation of the x=0.05 curve of Fig.
7 it is apparent that no evidence for the existence
of Fe'+ can be found at any Fe concentration in the
temperature range studied. It would therefore
seem safe to attempt a quantitative analysis in
terms of a LS-HS Fe" model.

V. LOS(-SPIN-HIGH-SPIN STATISTICAL THEORY

We now consider a model in which each ferrous
ion has a singlet 'A, ground state separated by an
energy gap E from the lowest of the crystal-field
and spin-orbitally-split HS states. We first con-
sider the HS splitting as a separate problem. The
statistical modification required in order to in-
clude the lone-singlet ground state of LS Fe" is
minor and can be performed later.

The Fe" ion in 1T-Fe„Ta, „S, sits at a trigo-
nally distorted octahedral (Ta) site, with local
symmetr y 3. In a weak-field coupling scheme
this term is split by the cubic part of the (sulfur-
ligand) crystal field into an upper 'E orbital dou
blet and a lower 'T, orbital triplet, separated by
an energy gap 10Dq- 2 && 10'K. From a statistical
point of view the doublet can be neglected by virtue
of its high energy. Within the triplet we can make
use of the structural isomorphism of the T, and P
symmetry groups to define a fictitious orbital an-
gular momentum L'=1. Within the levels of T,
the matrix elements of real orbital angular mo-
mentum J are —1 times the equivalent elements
of J, ' within the P states, while the matrix ele-
ments of J', are three times those of I.,'2.

Labeling the threefold-symmetry axis at the Fe
site as the z axis, w'e can write a Hamiltonian in-
cluding a. trigonal crystal-field distortion from
cubic, a spin-orbit coupling term, and an applied
field (H) energy, in the form

K=5,(I.', —2)+X,L S —p, s(L+2S) H, (1)

in which 5p is a trigonal crystal-field energy pa-

in which p, „' is the matrix element of the ith com-
ponent of magnetic moment p, = ps(2S —kL') be-
tween the nth and mth eigenstates of the (H=O}
zero-field energies, and p„ is the density matrix
e-z"r/Z„„where

Z ~ e-Z„/ kT
HS (4)

is the partition function for the high-spin levels.
Perhaps not surprisingly the powder average
values are found to be roughly of Curie-law form,
but with a Curie constant which, in addition to a

rameter, Ap= —103 cm ' is the spin-orbit-coupling
constant for iron, and p, ~ is the Bohr magneton.
In a quasicubic crystal-field environment it is
conventional to approximate the effects of coval-
ency on the free-ion d orbitals by introducing a
simple scalar orbital reduction parameter k &1
acting on the orbital angular momentum operator
viz. , L -kL. Using this notation and transforming
to the fictitious orbital angular momentum repre-
sentation we obtain

35 =5(f-l'- 3)+kl ~OIL' ' s —q (2s- kL') ~ H

(2)

where 5=3&'5p and we have dropped constant
terms.

This Hamiltonian is readily diagonalized for
H= 0 numerically within the basis states lf, ,', S,).
The 15-fold-degenerate 'T, manifold (I.'=1, S= 2)
is split into 6 doublets and 3 singlets. " For
1T-Fe„Ta, „S, the sign of 5 (and hence of

5/klan,

, l}
is known from the Mossbauer quadrupole splitting
to be reported in a separate paper —it is negative
(i.e., with a doublet state lowest).

Having diagonalized (2) with H= 0 and obtained
numerically the eigenfunctions and eigenvalues of
the 15 HS states, zero-field HS statistical proper-
ties such as the partition function Z„a and ensem-
ble average (L', —2)az or equivalently (I,,"——',)a8
(which is required for a calculation of quadrupole
splitting) are readily computed, assuming a Boltz-
mann distribution of energy levels, as functions of
k and 5/k

l
X, l. Moreover, perturbing the levels

by an infinitesimal field term —p, s(2S —kL ) H

enables the components of zero-field magnetic
susceptibility in the HS state X„, (i=x, y, z) and in
particular the powder average Xa8=3 '(Z,.X„'s) to be
computed in a straightforward manner, also as
functions of k and 5/klan, l. In detail we have for
the jth component of high-spin magnetic suscep-
tibility per spin, ignoring the presence of inter-
spin coupling,

i
»X,'.= P p. i.'.&.*.+2kTQ ." "", (3)

tt mPn m n
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x=z„,(z +e"'") 'xx. (5)

It is now apparent that in the high-temperature
limit (Zaa -15) the LS-HS susceptibility should
actually tend toward —",, y„s, some 6/o lower than
the limit shown in Fig. 7.

VI. ANALYSIS OF THE DATA

FromEqs. (3) and(5} it is evident that the LS-HS
model is indeed in qualitative accord with the ex-
perimental susceptibility data of Fig. (1},but the
measurements are in fact not quantitatively ex-
plained if the energy gap E, is completely inde-
pendent of temperature. A typical "best fit" to
the data using a constant-gap model is shown for
concentration x=0.1 in Fig. 9. From this figure
it is apparent that a quantitative fit would require

small temperature dependence, varies both with
orbital reduction and trigonal distortion. Qrbital
reduction effects in Fe" systems are typically
found to be of order 0.56 k~ 1. Computing from
(3), we show the temperature dependence of Curie
constant C=X»T for k=0.5 and @=1.0 and for the
extremes 6/&=0 and -~(&=k

~
&&&~) of anisotropy

in Fig. 8. In the infinite-temperature limit we
find that the possible range of Curie values is
rather small, viz. , -3.03-3.26.

To this point we have described calculations
only for the HS ensemble. If the lowest of the
HS levels actually sits at an energy E, above a
'A, singlet ground state then the summation in (3)
should be extended to include this state. Since
there are no nonzero matrix elements of
magnetic moment p, between the LS singlet
and the HS levels, the new extended summation is
readily transformed to a form explicitly involving
only E, and HS properties alone. We find speci-
ficially that thepowder susceptibility for the LS-HS
system takes the form

0.4—

0.3—

cua 0.2— g~ 1050 (CONSTANT)

0.1-

I

600
I

800

FIG. 9. Magnetic susceptibility per mole of iron for
Feo &Ta() BS2 (full curve) from Fig. 1 versus temperature.
The best-fit theoretical susceptibility curve obtainable
using a temperature-independent energy gap E~ = 1050 K
is shown dashed.

a smaller (than average) gap at intermediate tem-
peratures (300-500 K) and a larger gap at both
low and high temperatures. We now define a tem-
perature-dependent gap E,(T) such that the theory
of Eqs. (3) and (5) agrees exa.ctly with experiment
for magnetic susceptibility. However, since val-
ues for orbital reduction k and anisotropy 6/A.

have not yet been determined, the resulting gap
E,(T) is also, for the moment at least, a function
of these parameters. In Fig. 10 we show E,(T}
for x=0.1 for various values of k and 5/A. . It is
clear that the gap is "well-defined" to within an
accuracy of about +20/z even in the absence of a
knowledge of k and 6/X, but that any detailed anal-
ysis of its temperature dependence cannot be at-
tempted until some parameter estimates have
been obtained. This can be accomplished by anal-
yzing the Mbssbauer data.

The center shift of the Mossbauer spectrum
(Fig. 6) is the sum of an (essentially temperature
independent) isomer shift (IS) and a temperature-
dependent second-order Doppler shift (SOD). The
IS is a measure of the S-electron charge density
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FIG. 8. Temperature dependence of Curie constant
C=XHST calculated from Eq. (3) versus 1/T for k=0.5
and 1.0, and for the possible. extremes 6/X = 0 and —~
of anisotropy iX=k~Xo~i.

FIG. 10. Temperature dependence of the energy gap
E~ calculated from Eqs. (3) and (5) to agree exactly with
experimental y for x= 0.1, the calculation being per-
formed for various values of k and 6/X.
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at the "Fe nucleus, "while the SOD shift is pro-
duced by the thermal motion, "and is expected to
be essentially the same for both HS and LS mag-
netic states. Its precise form ("thermal red
shift") depends at low temperatures on the de-
tailed phonon spectrum of the material, but at
temperatures T ~ eD (OD is the Debye tempera-
ture) the temperature dependence rapidly ap-
proaches a linear form with slope 3k/2Mc = 7.3
x 10 ' mm/sec. We shall symbolize the SOD con-
tribution to center shift as (6s)soD and assume it
to be independent of HS-LS characterization. The
IS contribution to center shift (5s)zs, though tem-
perature independent, is a sensitive function of
electron configuration with a HS value typically
0.3-0.4 mm/sec larger than a I S value. There-
fore we write

S) ( S)SOD (5S)IS

(6S) (5S)SOD+ (6S)IS

(5 ) ' —(6 )"s=(6 )"' —(5 ), =E= const.

(6)

For the LS-HS situation of present interest the
system therefore develops with temperature in a
manner simply determined by the partition func-
tion of the levels, i.e. ,

$ HS $(6 )Ls + Z (6 )H +sz&/I r$1+g e-Eg j kT
HS

which is more simply expressed in the form

5S ( S) HS/( HS

(7)

(8)

Assuming (5s)~ to be a Debye SOD form (adjusted
arbitrarily to fit the low-temperature data and
extrapolated to its classical limiting linear form
for T & 200'K) we now attempt to fit the x= 0.1 and
x=0.33 center-shift data of Fig. 6 using the ap-
proximate energy-gap values E =1000 K (x=0.1)
and E,= 2100 'K (x = 0.33) with K, k, and 5/A. as
variables.

Acceptable fits can only be obtained for smaller
values of anisotropy (~5/X~s4) and for values of
orbital reduction k =0.5 + 0.15. A more precise
measure of anisotropy can be obtained from the
Mdssbauer quadrupole splitting (to be reported in

a separate paper) which establishes that 6/X is
certainly between -0.7 and -3.0 and probably be-
tween -1.0 and —1.5. Since the 5$ data are vir-
tually insensitive to an anisotropy uncertainty
of this order we have arbitrarily used the value
8/X= -I for subsequent calculations. Shown in

Fig. 6 are the best-fit constant-E theoretical
curves from Eq. (8) for x=0.1 and x=0.33 (k=0.5,
E =1000 and 2100'K, respectively, and A=0.25
mm/sec. ). As with the earlier constant-E sus-
ceptibility fit the theory is quite good but, for
x= 0.1 in particular, not really quantitative. We
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FIG. 11. Temperature dependence of energy gap E~
(for various vaIues of Fe concentration x) as calculated
by quantitativeIy fitting the X data of Fig. 1 with k = 0.5
at 5/A= —1. No curve for x= 0.05 is shown because
of the uncertainty of the magnitude of the Pauli con-
centration for this case (see text).

now replot the x=0.1 best-fit theoretical curve
using, instead of a constant E =1000'K, that de-
tailed temperature dependent E (T) predicted from
Fig. 10 for k=0.5, 5/k=-1. The result, as shown

in Fig. 6, is to produce essentially a quantitative
fit to to the experimental data within the error of
measurement (with %=0.27 mm/sec). The point
dash curve in Fig. 6 is the predicted HS Fe". The
room-temperature-calculated IS for HS Fe" of
0.77 mm/sec is in very good agreement with the
measured HS Fe" of 0.78+ 0.01 mm/sec in the
analogous HS intercalated compound 2H- Fe„TaS,."
Extrapolating the high-temperature SOD for HS
Fe" to low temperature yields an IS at 4.2'K of
0.94 mm/sec. This is in excellent agreement with
the measured IS of 0.95 +0.01 mm/sec for inter
calated HS Fe" for Fez/3TaS, . The IS for HS Fe"
in octahedral environment is well below the 5$
measured in Fe„Ta, „S, (0.1~x ——,'). A value of
0.31 mm/sec for IS at 296'K was obtained by Coey
et af." for Fe" (octahedral environment) in Fe,S,.
Vaughan and Ridout" obtained for Fe,S4 an IS
of 0.45 mm/sec at 4.2 'K.

These results confirm the temperature depen-
dence of E, to be a real effect and pose the ques-
tion of its physical origin. However, before dis-
cussing the latter we now assume that k and 6/X
are at most weak functions of the concentration x,
and with k=0.5 5/X= —1, proceed from the mea-
sured susceptibilities for x=0.15, 0.2, 0.25, and
0.33, to establish the detailed temperature de-
pendence of energy gap E, for the other iron con-
centrations measured. The resulting curves of
E,(T) vs T (together with the relevant one for
x = 0.1 from Fig. 10) are shown in Fig. 11. We have
not included a curve for x=0.05 because of the
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uncertainties introduced by the necessity of sub-
tracting a Pauli susceptibility term for this case.
It is evident that the gap E increases monotonical-
ly with concentration x and that the detailed form
of the T dependence is modified as x increases,
particularly for concentrations x ~ 0.2. At first
sight one might suspect that the (theoretically
neglected) exchange interactions between iron spine
might be upsetting the details for the larger iron
concentrations, but we shall later demonstrate
that the major development of E,(T)-curve shape
with increasing concentration x is a real single-ion
effect and that accordingly exchange interactions
do not seem to produce any significant effects in

the present experiments. It is important to note
that E,(T) never approaches zero (i.e, a true cross
crossover) so that the LS-HS "transition" occurs
as a function of increasing temperature in a stat-
istical sense only by virtue of the much higher
degeneracy of the higher-energy (HS) state.

Since the ionic radius of Fe" (S=2) is larger
than that of Fe" (S = 0), ' and the latter is smaller
than Ta" or Ta", we expect deviations from the
usual linear thermal lattice expansion in the trans-
ition region. These have been observed. For ex-
ample (at x=0.20) (1/a)(da/dT) =5.4 &&10 "K 'when
300 & T & 500 'K, but for T & 580 K (1/a)(da/d T)
=0.6 &&10 "K '. The latter is rather typical of
thermal expansion in layer compounds. ' Also
as x increases the hexagonal unit-cell volume de-
creases (for example, 4V/V at 295 'K when x in-
creases from 0.1 to 0.2 is -0.70/g}. This decrease
may in pari be due to a decrease in Fe-S bond

length, increasing the cubic crystal field. Thus
a larger lattice expansion (higher temperature)
would be necessary to reach the crossover con-
dition at higher x concentrations. This possibility
is consistent with the observation in Fig. 1 that
the transition to the high-spin state moves to higher
temperatures with increasing x.

In 1T-TaS, the peak-to-peak CDW amplitude in the
the conduction-band charge density becomes as
large as one electron per atom at low tempera-
tures. " Such large changes in the charge distri-
bution, expected at least at low x, could affect the
magnitude of the crystal field. Thus, indirectly
the CDW may play a role in the LS-HS transition.

We conclude, therefore, from this section, that
the iron is indeed in a ferrous form throughout,
that a Ay low- spin state is the ground- energy state
at all temperatures, and that the energy gap E
separating the lowest of the excited levels from
the ground state is -1000'K for x=0.1 increasing
to -2100 K for x = 0.33. Most importantly the gap

E, is temperature dependent for each concentration
exhibiting (in general} first a maximum and then a
minimum as a function of increasing temperature

with nE, = E,(max) —E,(min) of order 200'K .The
orbital reduction factor k = 0.5 + 0.15 indicates ex-
treme covalency, a finding which is also confirm-
ed by the Mbssbauer quadrupole data to be report-
ed in a separate paper.

VII. ORIGIN OF THE GAP TEMPERATURE DEPENDENCE

The energy gap E,(T} is defined as the energy
separation of the LS singlet ground state and the
loamiest of the HS 'T, states. The energy separation
of the LS ground state and the "center of gravity"
of the 'T, levels (i.e. , the position of the fully de-
generate 'T, level in the absence of spin-orbit and
trigonal field perturbations) can be expressed
simply as the difference 20Dq —E~ between the
cubic crystal-field energy required to promote
two d electrons from t,- to e-symmetry single-
electron orbitals (20Dq) and the Hund's-rule ex-
change energy E„gained by flipping spins of the
two promoted electrons. For a doublet ground
state we can write"

E =20Dq - E„-3~
I
1.

1

—«(t»g), (9)

in which the final term is the small energy pertur-
bation of the ground HS fevel produced by the tri-
gonal field term 5(f,,"' ——',) in Eq. (2), For 0=0.5,
5/X= -1 (X= k

l
x

l ), we find values 3k
l
X,

l

-220'K
and 5E(trig) -10'K so that the established tempera-
ture variations in E,(T) of order 200'K cannot
result from any small temperature dependence of
covalency (i.e., orbital reduction) or even large
variations of trigonal distortion. It follows that
the physical origin of this effect must reside in a
temperature dependence of 20Dq or E» or both.
Since 20Dq E„=(3-4) -&& 10' 'K the observed tem-
perature dependence of E, amounts to only a frac-
tion of 1/q of these energies and could therefore
be readily accounted for by a small environmental
dependence or either or both.

The most likely origin is a modulation by a. local
"breathing mode" ligand vibration. Although it
would seem physically more likely for the modula-
tion of 20Dq to be dominant (since Ea is an intraion
property) we can allow for either by simply expand-
ing 4=20Dq-E„at an arbitrary lth site as a func-
tion of a local harmonic ligand displacement co-
ordinate (, to second order, i.e.

+1) + 1 gl/$2 (10}

where 4=6, ($, =0), n. '=eh, /S), at $, =0, and n"
=S'6,/S)', also evaluated at $, =0. Arbitrarily
choosing the LS 'A, electronic level as our zero of
energy we can now write local (fth site) LS and HS
Hamiltonians, including the vibrational potential
term, as
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with eigenvalues E",. s and E~, respectively. It
follows that

E,(T)=&,—&'q+s&"[(($, q)'&+q—'], (13)

where n, =4 —3A. —6E(trig) = n —230'K, for our
case. Thus, the gap consists of a static part
E(stat) = 4s —d'q+ sb "q' and a "dynamic" part
E(dyn) =-,'n "(($,—q)'&. Since the root-mean-square
amplitude of vibration is almost certainly large
compared with static displacement Q, it is likely
that the dynamic term is essentially independent
of g and this we shall assume. The thermal equili-
brium displacement Q is now obtained by minimi-
zing the free enex'gy per ferrous ion

F=g [(E -E )n+E" ] (14)

where e,. is an ensemble-averaged occupation num-
ber for the ith HS energy level, with respect to
Q. Explicitly this can be written

E= ,'-n'[((g —q)'&+q'] uT ln(l+ e '" s~'"'),

3e"s =d. n't +-'n" ('+6(f,"- -')

+ XL' S+-,'n'$'„
~LS, & g2(2

where 0 is the frequency of the relevant local mode
of vibration. Expanding about the equilibrium posi-
tion q = (F„,& and ensemble averaging over the lattice
coordinates (, we obtain the effective "magnetic"
Hamiltonians

X~ = ~ ~'q +,'(d, "—+n')[((», q)'—&+ qs]

+6(f,"--',)+Z' S

f =&ss/(&us+ e"'"') (20)

E,=E,(stat)+E, (dyn) .
Absorbing any zero-point dynamic contribution

(i.e. , Rn" /4A) into the parameter A„seU-con-
sistent solutions of (17)-(21}have been obtained
numerically for E, as a function of T, using &0,
n"/n', and n "/n' as parameters, and fitted to
the "experimental" data of Fig. ll. The resulting
best fits to the data are shown in Fig. j.2 for all
concentrations x=0.1—0.33. The actual computa-
tions have been performed setting 50= 200'K al-
though essentially equivalent fits can be obtained

0=0.5, 6/X= —1) so that the available parameters
are 4» 6', 4", and the local mode frequency A.
However, since we are not able to determine the
"experimental" E,(T) of Fig. 11 with any accuracy
for temperatures below T~ 200 K, and the dynam-
ic contribution (17) rapidly becomes linear in T
(with slope —,'0 &"/n') as T increases beyond -Kn
/2k, it turns out that the temperature variation of
E, as we know it (i.e. , between about 200 and
800'K) is essentially dominated by only three
parameters n» &"/n', and n"/O'. For example,
the static energy gap can be rewritten as an ex-
pansion in the energy parameter 4'Q in the fox'm

E,(stat) = d,, —~'q+ —,'(n" /n')(n'/d. ")(n'q)', (18}

where d 'q is given directly from (16) as

4'q = f(n" /n')/[1+ f(&"/n')]

in which

X = 1/3g

gl I

(oK) ( K)
G Q

in which i runs over the 15 HS levels and E,. is
now measured from the bottom of the HS multiplet.
Minimizing with respect to Q we find the condition

2000—

1800—

2060 670 0.5

nsq(~ + czg/kr) —2' (nl qnll)

where Z» and E are given by (4) and (13), re-
spectively. Finally, the ensemble average
((f, —q} & is given in a simple harmonic approxi-
mation by the standard quantum form (5/2A) coth (Sn
/2kT) in terms of which the "dynamic" contribu-
tion to E,(T} can be expressed as

E(dyn) =-' n" ((&, —q)'&

= (0n" /4A) coth(k n/2kT) . (17)

Equations (13), (16), and (17) now form a self-
consistent set for the theoretical determination of
the energy gap as a function of temperature. The
energy levels E",.s can be taken as known (using
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FIG. 12. Filled circles and error bars indicate the
temperature dependence of the energy gap E~ (for vari-
ous values of Fe concentration x) a.s taken from Fig. 11.
The continuous curves are calculated directly from the
lattice phonon modulation theory of the text. The rele-
vant values of the three defining parameters of that
theory, namely, 40, 4'2/02, and 6"/02 are given for
each concentration and show a monotonic variation with



I 0%-SPIN HIGH-SPIN EQUILIBRIA IN 1T-Fe„Ta, „S2.. .

Eg (DYN)

hC

~ 1100
LLj

300

/g
Eg (8 FAT)

400
T ('K}

4 1y t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

FIG. 13. Filled circles and error bars indicate the
"experimental" temperature dependence of the energy
gap E~ for x=0.1 as in Fig. 12. The dotted curve is
the first-order static, the dot-dashed curve the sum
of the first- and second-order static, and the dashed
curve the dynamic contribution to the energy gap E~
as calculated from Eqs. (17) and (18) of the text. The
full curve is the sum of the total static (dot-dashed)
and dynamic (dashed) contributions to E~.

vant parameters &„4"/0', and &"/0' varying
monotonically with concentration as shown in Fig.
12, The manner in which the first- and second-
order static contributions of Eg. (18) and the dy-
namic contribution of Eg. (1 f) sum to give the fi-
nal resultant E,(T) is shown in Fig. 13. We see
that the dynamic term dominates the temperature
dependence at both low and high temperatures with
the static "striction" anomaly dominating at inter-
mediate temperatures. Although the best-fit pa-
1ameter VRlues given in Flg. 12 provide 1n v1ew
of our almost complete lack of knowledge of local
mode frequency 0, a less than complete picture,
they do show a rough proportionality of n, "/0' and
6"/0' as functions of x. This suggests that the
most concentration dependent of the fundamental
physical quantities involved is probably the local
mode frequency itself. The whole picture is then
explicable in terms of very weakly concentration-
dependent crystal-field and Hund's-rule energies
(and their strain dependencies) and a local mode
frequency which increases by close to a factor of
2 as the concentration x increases from 0.1 to
0.33. The important concentration dependence of
+p results of course only from the accidental near
equality of 20Bq and E„ is this particular material.
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with 0=400 'K/8 or even higher with minor com-
Pensatlng adjustments of +p. We find that the tenl-
perature dependence of the gap can be quantita-
tively explained for all five concentrations x = 0.1,
0.15, 0.2, 0.25, 0.33 with each of the three rele
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