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A modeling routine which accounts for superparamagnetic relaxation, collective magnetic exci- 
tation, log-normal particle distribution, and quadrupole shift distribution was used to generate 
theoretical Mossbauer spectroscopic data, which were analyzed with a standard least-squares 
fitting routine. These spectra were used for comparison with published spectra of E and E’ carbides. 
The results indicate that invariably, the Mossbauer spectra of small carbide particles exhibit relaxa- 
tion effects, and proper analysis can only be achieved by collecting a series of spectra at different 
temperatures. In addition, a critical evaluation of the available Mossbauer parameters for E and E’ 
carbides is presented along with equally feasible interpretations of these results. o 1987 Academic 

Press, Inc. 

INTRODUCTION 

The characterization of the bulk phase of 
iron catalyst particles which are active and 
stable during Fischer-Tropsch synthesis 
has been a matter of investigation for many 
years (I-11). Neither X-ray diffraction, 
Mossbauer spectroscopy, magnetic suscep- 
tibility, nor carbon content analysis has 
proven capable of unambiguously identify- 
ing the carbide phase(s) formed. It has been 
argued that as many as four distinct meta- 
stable carbide phases form during the 
Fischer-Tropsch reaction, which have rel- 
atively high carbon content (mole ratio C/ 
Fe > l/3). Similar phases have been identi- 
fied as precipitates resulting from the 
tempering of martensite (22-14). (See Ref. 
(12) for an excellent review.) Two of these 
phases have been fully characterized. They 
are the Hagg, or x-carbide (Fe&), and ce- 
mentite, or O-carbide (FeQ. Both have 
been identified by X-ray diffraction, ther- 
momagnetic studies, and Mossbauer spec- 
troscopy (8, 15-17). In addition, perhaps 
two other metastable phases form during 

1 To whom correspondence should be addressed. 

synthesis in which the iron atoms form a 
“nearly” hexagonally close-packed array, 
with the carbon atoms distributed in the oc- 
tahedral holes (9-11, 18). These structures, 
which are usually present as very small 
crystallites (~10 nm), have been variously 
identified as E-Fe&, as E’-Fe2.&, or more 
generally as the octahedral carbides (1). It 
is the identity of these phases and the con- 
ditions of their formation which are least 
understood. 

Extensive X-ray studies of iron-based 
Fischer-Tropsch catalysts have been con- 
ducted. Hofer et al. (17) presented a de- 
tailed investigation of x-carbide and ce- 
mentite (O-carbide). Barton and Gale (18) 
presented an analysis of what they believed 
to be s-carbide, Fe& In fact, most workers 
have tried to use X-ray diffraction to char- 
acterize their catalyst systems. However, 
the results have been unsatisfactory for a 
number of reasons. The carbided samples 
were generally commercial catalysts con- 
taining a number of additives (Si, Mn, Ni, 
Cr, etc.) (8-10, 23-18). The effect of the 
additives on the carbide structure and the 
X-ray data was not clarified. In addition, 
the particles were studied ex situ, following 
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air exposure, and were probably partially 
oxidized. Furthermore, the recent results 
(1-7) are from catalysts with relatively 
small crystallites (ca. 30-100 A), so that 
very broad and in many cases poorly re- 
solved lines were observed. Other workers 
have also discussed the unsuitability of 
these studies for yielding conclusive deter- 
minations of particle structure (I, 6). 

The use of Mossbauer spectroscopy for 
in situ studies of these catalysts has also led 
to conflicting reports. For instance, some 
investigators (2-6) have attempted to cor- 
relate the phase formed to the particle size, 
suggesting that x- and &‘-carbides coexist 
under reaction conditions and that E’ is 
present only as small particles while x-car- 
bide is the dominant phase in larger ones. 
Others (8-20) have argued that the domi- 
nant phases are E and E’. Still others (14) 
have proposed that the presence of pro- 
moters, especially Si, stabilizes the E’ 
phase allowing it to exist over a range of 
conditions. In addition LeCdr et al. (I ) 
have presented arguments indicating that 
the identities of the e-Fe2C and .s’-Fez.zC 
phases are actually the reverse, E-Fe2.$ 
and .s’-FezC. Upon careful review of the 
available literature, it becomes clear that 
the problem lies in the analysis of the ob- 
served Mossbauer spectra. 

It is evident that few reliable data regard- 
ing the Miissbauer parameters of bulk E- or 
&‘-carbide exist. The parameters associated 
with e-carbide have nearly always been ob- 
tained from spectra in which the carbide 
peaks are strongly overshadowed by those 
of iron oxide or a-iron (9, 14). Further- 
more, the existence of the E’ phase was first 
deduced simply on the basis of a discrep- 
ancy between the observed and theoretical 
population ratios of the peaks of hexagonal 
e-carbide (9). Also, in those few studies 
where the strongest peaks are associated 
with an octahedral carbide phase (always 
&‘-carbide) (2-7), relaxed asymmetric spec- 
tra with broad peaks are produced. Yet, 
previous workers have usually fit these 
spectra with a single sextuplet. However, it 

has been argued (I) that there is no crystal 
structure that could support the Fe2.X stoi- 
chiometry and possess a unique iron atom 
environment. This is necessary for the 
phase to exhibit a single sextuplet in the 
Mossbauer spectrum. None of these diffi- 
culties has been properly addressed in the 
available literature. 

In the following, we present an investiga- 
tion of the effects of relaxation on the ob- 
served Mossbauer spectra. The results of 
this work indicate that invariably there is 
ambiguity in the interpretation of the spec- 
tra of small carbide particles. Only in a very 
few cases can the various phases be conclu- 
sively distinguished on the basis of the 
Mossbauer spectra and parameters cur- 
rently available in the literature. It will also 
be shown that if spectra are collected for a 
single sample over a range of temperatures 
and if relaxation effects are properly ac- 
counted for, the Mossbauer results can give 
not only an accurate identification of the 
iron phase(s) present but also quantitative 
particle size information and qualitative in- 
formation regarding particle structure and 
the nature of the particle/support interac- 
tion. 

EXPERIMENTAL/THEORETICAL 

In this study, a Mossbauer modeling rou- 
tine, described in earlier work (29-22), was 
used to generate theoretical “data” based 
on bulk phase input parameters, which 
could then be analyzed using a conven- 
tional Mossbauer fitting routine (23). The 
particular phenomena which the model ac- 
counts for are (a) superparamagnetic relax- 
ation, as proposed by Wickmann (24), (b) 
collective magnetic excitations, as pro- 
posed by Mot-up and co-workers (25, 26), 
(c) log-normal particle distribution (27), 
and (d) changes in the value and distribu- 
tion of quadrupole splittings due to relaxa- 
tion and support effects (22, 28-30). In all 
cases the data input into the modeling rou- 
tine were those of bulk, nonrelaxed x-car- 
bide, as reported by Lin and Phillips (22). 
Other information necessary to generate a 
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spectrum included a value of the anisotropy ation times (large particles, low tempera- 
energy constant (31), a system tempera- ture, r % ro), AEQ = 0, as observed. In the 
ture, and a value of the quadrupole splitting other extreme (small particles, high temper- 
of the x-carbide above the Curie tempera- ature, r 6 ro), &!?Q = .s,,rie, again as ob- 
ture (22). More thorough descriptions of served. In the transition region (7 - 70) the 
the modeling program are available else- spectrum exhibits sharp changes in AEQ 
where (21, 31). The basis for determining when superparamagnetism becomes impor- 
quadrupole splittings as a function of the tant, which can be modeled well by the ex- 
relaxation time is also discussed elsewhere ponential function. It should be noted here 
in the literature (22). However, further clar- that other functional forms were tested 
ification of this phenomenon is justified and (e.g., linear, quadratic) which produced 
is given below. qualitatively similar spectra. 

Quadrupole shift distribution. For com- 
pounds which exhibit both an electric field 
gradient (EFG) at the nucleus and a mag- 
netic hyperfine field (HF), the quadrupole 
splitting is a function of the angle 0 be- 
tween the EFG and the magnetic quadru- 
pole moment of the nucleus. The relation- 
ship is given by 

As a variation of the above equation, Lin 
and Phillips further proposed that for sys- 
tems which exhibit a distribution of quadru- 
pole splittings the following be used: 

EQ = &&XP( - 7170) 

+ &0(1 - exp(-7/70)), (3) 

AE, = Qe2qQ(3cos20 - l), (1) 

where 4 is the EFG and Q is the quadrupole 
moment. Experimental measurements of 
unsupported carbide particles exhibit no 
observable quadrupole splitting. This sug- 
gests that the angle 0 is at the “magic an- 
gle” of 54”44’. Other workers have sug- 
gested that this is consistent with the 
crystal structure of the carbide (32, 33). 
However, experiments have also shown 
that superparamagnetic carbide particles 
relax to a doublet in the Mossbauer spec- 
trum (16, 22, 32). To account for this be- 
havior, Lin and Phillips (22) proposed that 
the following equation be used to model the 
observed changes in AEe for the x-carbide 
system: 

where the first term is identical to the origi- 
nal equation and the second accounts for 
the observed variation of splittings. Here &o 
is an empirical constant that is varied by 
small increments between two limits. In the 
case of large relaxation times, 7 >> ro, the 
first term vanishes while the second can 
give a distribution of AEQ between the lim- 
its of ~0. In the other extreme, r 4 70, AEQ 
reduces to ecutie of the relaxed particles. 

AEQ = %&XP(-7/7o), (2) 

where ecutie is the value of k??Q observed 
above the Curie temperature and T, is the 
value of the relaxation time at the “block- 
ing temperature,” defined as the tempera- 
ture where the magnetically split lines (par- 
ticularly lines 1 and 6) disappear. For the 
x-carbide system r. is approximately 3.8 x 
10e9 s. This function meets certain clear re- 
quirements. First, in the limit of large relax- 

The distribution arises from variations of 
the angle 0 between the EFG and the mag- 
netic moment of different particles. Such 
deviations from the magic angle (54”44’) 
could be expected in systems where crystal 
growth is affected by interaction with the 
support. Support interactions change the 
equilibrium particle shape and this in turn 
affects the angle between the magnetic easy 
direction and the EFG. These effects pro- 
duce broadness of the observed Mossbauer 
lines that are not seen in unsupported parti- 
cles or those on weakly interacting sup- 
ports (22). Such an idea can explain the ex- 
perimental observations. It should be 
stressed that Eqs. (2) and (3) are empirical 
equations and that the justification given 
above is best regarded as a plausibility ar- 
gument . 
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TABLE 1 

Comparison of Input and Fitted Mossbauer 
Parameters for a Bulk X-Carbide Phase” 

Parameter Fe 
site 

Input values Fitted values 

HW (kOe) I 196.0 196.5 
II 217.0 217.5 

III 118.0 117.5 
81s (mm/s) I +o. 15 +0.15 

II +o. 17 +0.17 
III +0.15 +o. 14 

A& (mm/s) I 0.00 -0.003 
II +0.027 +0.025 

III -0.012 +0.021 
Relative intensity I 3:2:1 3.9:3.2: 1.2 

II 3:2:1 4.0:2.1:1.7 
III 1.5: 1.0:0.5 2.0: 1.4:0.4 

Linewidths (mm/s) I 0.25 : 0.23 : 0.23 0.5 : 0.43 : 0.35 
0.25 : 0.23 : 0.23 0.48 : 0.48 : 0.46 

III 0.25 : 0.23 : 0.23 0.61 : 0.68 : 0.79 

0 Additional input parameters: (i) anisotropy energy con- 
stant = I X IO” erg/cd: (ii) average particle size = 200 A: (iii) 
temperature = 300 K; (iv) (r = 1.20. 

1). One word of explanation of the fitting 
procedure is warranted at this point. Many 
workers have found it difficult to obtain 
good fits to complex spectra of this type. 
They have usually resorted to constraints 
on the fitting parameters (i.e., linewidth, 
line position, relative intensity, splitting ra- 
tios) to eliminate anomalous results. In the 
present work the fitted spectra were con- 
strained only such that the dip and width of 
corresponding peaks of a sextuplet (l-6, 2- 

As stated previously, in all cases studied 
the starting parameters used were those of 
bulk x-carbide as taken from experimental 
measurements (see Table 1). The data of x- 
carbide are the most reliable available for a 
metastable carbide phase in the composi- 
tion range of interest at various tempera- 
tures. The goals of the work were threefold: 
(i) to test the accuracy of the model against 
the standard fitting procedure, (ii) to exam- 
ine the relaxation behavior of the “known” 
carbide phase for comparison with the “un- 
known” (E, E’) carbides, and (iii) to see if 
“e-like” spectra could be generated via re- 
laxation of the x-carbide spectrum. 

RESULTS AND DISCUSSION O%- 

The reliability of the methodology was 
first demonstrated in the following manner. 
A model spectrum of a x-carbide sample 
was generated, making sure that all particle 
sizes in the distribution were large enough 
to act as bulk material (7 + 7. for all parti- 
cles), which eliminated all relaxation ef- 
fects. These “data” were then analyzed us- 
ing the conventional least-squares fitting 
routine (23). Agreement between the input 
parameters and the fit was excellent (Table 

-8 d -4 -2 0 2 4 6 9 

VELOCITY I mm/wcI 

FIG. 1. Effect of anisotropy energy constant on 
spectrum. (a) K = 750,000 erg/cm’; (b) K = 1,500,OOO 
erg/cm’; (c) K = 3,000,000 erg/cm). Other input pa- 
rameters were (i) average particle size = 55 d;; (ii) u = 
1.20; (iii) 7’ = 300 K. (Triangles represent generated 
data.) 
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TABLE 2 

Mossbauer Parameters Obtained from a 20-Peak Fit of the Spectra in Fig. 1 

Spectrum Spectral component f&f 61s 
We) (mm/s) 

*EQ 
(mm/s) 

Linewidths 
(mm/s) 

% Area 

la x-1 192.3 0.146 0.020 0.57 : 0.62 : 0.67 24.7 
X-II 215.4 0.233 0.016 0.78 : 0.77 : 0.62 24.0 
X-III 106.7 0.241 -0.027 0.61 : 0.62 : 0.61 10.3 

Doublet - 0.157 0.590 0.76 41.0 
lb X-I 192.6 0.140 0.009 0.61 : 0.50 : 1.4 35.3 

X-II 212.3 0.178 0.023 0.55 : 0.55 : 0.44 28.6 
X-III 110.3 0.183 -0.019 0.72 : 0.88 : 0.51 20.1 

Doublet - 0.152 0.533 0.60 16.0 
1C X-I 192.0 0.146 -0.002 0.49 : 0.69 : 0.62 36.6 

X-II 212.4 0.165 0.027 0.57 : 0.53 : 1.0 38.8 
X-III 113.9 0.162 -0.020 0.52 : 0.64 : 0.63 19.8 

Doublet - 0.181 0.879 0.75 4.8 

5, 3-4) were equal. Good fits could usually 
be obtained using only this assumption. 

A series of model spectra were produced 
to systematically test the effect of a varia- 
tion of the input parameters on the ob- 
served spectra. In Fig. 1 the results of a 
variation of the anisotropy energy constant 
are shown. All other parameters were held 
constant; their values are listed in the figure 
caption. It is obvious that variation of this 
parameter has a significant impact on the 
appearance on the spectra. The results of 
fitting the model data are given in Tables 2 
and 3. In most cases good fits could be ob- 

tained assuming only a single sextuplet and 
a superparamagnetic doublet were present 
(see solid curves shown in Fig. 1). The deci- 
sion to fit the spectra as a single sextuplet 
and a doublet was based on a visual inspec- 
tion of the data. That is, the fitting was done 
as if the data represented an unknown 
phase of iron. This is the same rationale 
used by Amelse (7) for fitting the data of E’- 
carbide. Addition of more sextuplets did 
not visually improve the fit but were neces- 
sary to confine the intensity ratios of the 
sextuplet peaks to the desired 3 : 2 : 1. 

The effect of relaxation can be clearly 

TABLE 3 

Mossbauer Parameters Obtained from an B-Peak Fit of the Spectra in Figs. 1 and 2 

Spectrum Spectral component 
(kz) 

61s 
(mm/s) 

*EQ 
(mm/s) 

Linewidths 
(mm/s) 

% Area 

la 

lb 

lc 

2a 

2b 

2c 

Sextuplet 
Doublet 
Sextuplet 
Doublet 
Sextuplet 
Doublet 
Sextuplet 
Doublet 
Sextuplet 
Doublet 
Sextuplet 
Doublet 

197.7 0.155 
- 0.158 

200.4 0.155 
- 0.159 

202.0 0.154 
- 0.210 

199.4 0.155 
- 0.160 

197.6 0.155 
- 0.165 

198.2 0.157 
- 0.182 

0.014 0.77 : 0.70 : 1.6 58.4 
0.643 0.73 41.6 
0.013 0.75 : 0.61 : 1.7 73.8 
0.748 0.79 26.2 
0.013 0.74 : 0.59 : 1 .o 92.8 
1.209 1.40 7.2 
0.013 0.75:0.69: 1.19 55.0 
0.681 0.73 45.2 
0.014 0.78 : 0.61 : 1.02 79.2 
1.594 2.12 20.8 
0.013 0.73 : 0.55 : 0.54 91.4 
2.300 0.692 8.6 
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seen on the values of the hyperfine fields. In 
the 20-peak fits (Table 3), all three values of 
the hyperfine splitting are lower than the fit 
of the bulk (Table 1) values. In the case of 
the S-peak fits, the hyperline field repre- 
sents an average of sorts. Also, it can be 
seen that as relaxation becomes more im- 
portant, the lines tend to broaden some- 
what and the fits become more difficult. 
Furthermore, there is very little improve- 
ment in the overall fit if 20 instead of 8 lines 
are assumed. Indeed, even sensitive param- 
eters such as linewidth are not greatly 
closer to the input parameters if 20 lines 
instead of 8 are used to fit the data. Thus, 
choosing to fit a relaxed spectrum with 
three sextuplets instead of a single sextu- 
plet can only be justified in cases in which it 
is known by other means that a particular 
carbide is present. In other words, a re- 
laxed spectrum represents a “flexible” fit 
in which the initial assumptions strongly in- 
fluence the result. 

One other observation can be made. 
Even for an anisotropy energy constant of 3 
x lo6 erg/cm3, some relaxation is observed 
for the chosen distribution of particles (av- 
erage radius = 55 A). Other work, not 
shown, indicates that for smaller (35-A ra- 
dius) particles, a relaxed doublet will domi- 
nate the spectrum even for anisotropy en- 
ergy constants as high as 5 x lo6 erg/cm3. 
When the anisotropy energy constant is 
raised to 1 x 10’ erg/cm3, the hyperline 
splitting can again be observed, but notice- 
able relaxation effects are still present. 
Such large values of this parameter have 
only been reported in a few noniron sys- 
tems with hexagonal symmetry (31). The 
contribution to the anisotropy energy con- 
stant from crystalline anisotropy is an order 
of magnitude larger for hexagonal crystals 
than cubic crystals. The high carbon con- 
tent of the octahedral carbides might lead to 
considerable lengthening of the c-axis of 
the hexagonal crystal (1, 15), causing a 
larger crystalline anisotropy. This could ex- 
plain this unusually high value of the anisot- 
ropy energy constant. However, there is an 

FIG. 2. Effect of narrowness of particle size distribu- 
tion on spectrum. (a) (T = 1.25; (b) v = 1.10; (c) v = 
1.05; (d) log-normal distribution function for several CT 
values. Other input parameters were (i) average parti- 
cle size = 55 A; (ii) T = 300 K; (iii) anisotropy energy 
constant = 1 ,OOO,OOO erg/cm’. 
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FIG. 3. Effect of a variation of e. (Eq. (3), Ref. (22)). 
(a) ~0 = 0; (b) -O.~E,,+ < ~0 < O.SE,urie; (c) -0.75~,.,, 
< e. < 0.75~,,~, . Other input parameters were (i) aver- 
age particle size = 80 A; (ii) IT = 1.20; (iii) T = 300 K; 
(iv) anisotropy energy constant = 1 ,OOO,OOO. 

alternate explanation. A value of the anisot- 
ropy energy constant greater than 1 x 10’ 
erg/cm3 is so much larger than any previ- 
ously reported for any iron system that it 
seems physically unreasonable. Thus re- 
ports of E- and &‘-carbide particles of aver- 
age radius as small as 35 A, which produce 
only partially relaxed spectra, are suspect. 
Additional investigation is warranted. 

Figure 2 demonstrates the impact of vari- 
ation in the value of u, the nondimensional 
geometric standard deviation of the log- 
normal particle distribution function (27). 
The shape of the resultant distributions is 
shown in Fig. 2d for various values of (T. As 
can be seen, the distribution approaches 
that of a spike at the average particle size as 
g approaches 1 .O. Again, there is a startling 
effect of this parameter on the observed 
spectra. One point that can be made is that, 
in this case, there is not a significant line 
broadening seen as the distribution widens 
(Table 3). This would indicate that the 
broadness of lines seen in the spectra of E’- 
carbide may not be solely attributable to a 
wide particle size distribution as has been 
proposed (5-7). Clearly, some other phe- 
nomenon is responsible for the observed 
line broadening. 

In Fig. 3, variations in the quadrupole 
splittings were introduced. This was done 
by varying the value of EO slightly between 
two limits (listed in Fig. 3). This not only 
causes the lines to broaden significantly but 
also has a profound effect on the appear- 
ance of the entire spectrum. In previous 
work (22) it was shown that a variation in 
the value of the quadrupole distribution 
could explain many unusual spectral fea- 
tures. As was argued earlier, it is reason- 
able to assume that such a distribution 
would be seen for a particle on an amor- 
phous or strongly interacting support. 
Here, it can be seen that the effect of the 
broadening is the removal of much of the 
detail from the spectrum, resulting in some- 
thing that gives the appearance of a single 
asymmetric sextuplet with broad lines. The 
classic &‘-carbide spectrum is similar in ap- 
pearance (7). 

Several workers have suggested that E’- 
carbide has the stoichiometry, Fe2.*C. 
However, there is no crystal structure that 
can be rationalized to support the Fe*.*C 
stoichiometry and still provide a unique Fe 
atom environment. LeCaer et al. (I) sug- 
gested that the octahedral carbides exist as 
a hexagonal array of iron atoms with the 
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FIG. 4. Effect of temperature on spectrum. (a) T = 
350 K; (b) T = 300 K; (c) T = 80 K. Other parameters 
were (i) average particle size = 55 A; (ii) (T = 1.20; (iii) 
anisotropy energy constant = 1 ,OOO,OOQ erg/cm3. Val- 
ues df HM and 6,s were taken from Ref. (22) at each 
temperature. 

carbon atoms “statistically” distributed in 
the octahedral interstices. There is a range 
of carbon contents that would be accommo- 
dated by such an arrangement, from ap- 
proximately Fe& to Fe&. Such an atomic 
arrangement could have an effect similar to 
that produced in Fig. 3. Each Fe atom 
would exist in a slightly different environ- 

ment leading to a distribution of hyperfine 
fields and quadrupole splittings around the 
average value(s). It is reasonable to assume 
that a Mossbauer spectrum of such a sys- 
tem would appear as a broad and possibly 
asymmetric sextuplet. 

Other parameters which were varied in 
this study included average particle size 
and temperature. Changes in these parame- 
ters produced significant but predictable 
changes in the spectra as seen in Fig. 4 and 
elsewhere (22). Finally, an attempt was 
made to take advantage of the contribution 
of collective magnetic excitations (25, 26) 
to the relaxation process. It was hoped 
that, at particle sizes of ~35 A radius, the 
hyperfine field of the x-carbide system 
would be reduced to 85% of its bulk value, 
or 170 kOe, the reported field of &‘-carbide. 
However, extensive work showed that it 
was not possible to achieve this 15% reduc- 
tion without introducing an overwhelming 
superparamagnetic doublet to the spec- 
trum. Hence, the reported 170-kOe field 
cannot be attributed to a relaxed x-carbide 
spectrum. 

CONCLUSIONS 

Some conclusions regarding the current 
state of knowledge of the phases of carbide 
formed during Fischer-Tropsch synthesis 
can be drawn from a careful consideration 
of the model data presented here and a criti- 
cal evaluation of published spectra. 

First, there is ample evidence to support 
the conclusion that at least one phase of 
octahedral carbide, normally called E’ car- 
bide, forms during Fischer-Tropsch syn- 
thesis and that a partially relaxed spectrum 
of this phase can be well represented by a 
single sextuplet with the following average 
parameters: isomer shift (IS) = 0.25 mm/s, 
hyperllne field = 170 kOe (I, 22). However, 
on the basis of the reported particle sizes 
(obtained via X-ray line broadening the che- 
misorption), the clear asymmetry of the E’ 
spectra, and the lack of a unique Fe atom 
environment in the assumed E’-carbide 
crystal, it is reasonable to suggest that the 
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spectra of &‘-carbide probably consists of at 
least two sextuplets. The value of the unre- 
laxed hyperfine fields at room temperature 
are not accurately known but are almost 
certainly larger than 170 kOe. As in the 
case of partially relaxed x-carbide, the 170- 
kOe field probably represents an average of 
the relaxed multiple sextuplets. In addition 
the broadness of the lines could be attrib- 
uted to (i) the variation of Fe atom environ- 
ments that would be present in a hexagonal 
phase with a statistical distribution of car- 
bon atoms in octahedral holes, (ii) the su- 
perposition of the multiple sextuplets that 
probably exist, and/or (iii) the effects of re- 
laxation on the linewidth. On the basis of 
the work presented, however, it should be 
clear that the broadness cannot be solely 
explained by assuming a wide particle dis- 
tribution. 

The second metastable phase (E-carbide), 
generally associated with a high field sextu- 
plet (Hhf = 240 kOe), has never been re- 
ported as more than small background 
lines, not large enough to obtain reliable 
quantitative information. It is equally likely 
that this second sextuplet is a contribution 
from a small amount of partially related x- 
carbide present in the sample. This possibil- 
ity has been discussed by others (I, 3, 6). 
Indeed, similar arguments have been used 
to discount the contribution to the spec- 
trum of a sextuplet with a hyperline field of 
130 kOe (I). In summary, there are insuffi- 
cient Mossbauer data to support the con- 
tention that E-carbide exists as a distinct 
octahedral carbide phase. 

It should be clear that without careful 
evaluation of all parameters contributing to 
the Mossbauer spectrum of the carbide 
phases, good quantitative information is 
difficult, if not impossible, to obtain. Also, 
this work indicates that reliable Mossbauer 
parameters and phase identifications are 
only possible for phases which represent a 
significant fraction of the total spectral 
area, and only when relaxation effects are 
properly accounted for. If relaxation effects 
become important then spectra should be 

collected over a wide range of temperatures 
and modeling routines employed to aid in 
the identification of the phase or phases 
present in the sample. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

71 

Tau, L. M., Borcar, S., Bianchi, D., and Bennett, 
C. O., J. Card. 87, 36 (1984). 
Bianchi, D., Borcar, S., Teule-Gay, F., and Ben- 
nett, C. O., 1. Cutal. 82, 442 (1983). 
Raupp, G. B., and Delgass, W. N., J. Catal. 58, 
337,348 (1979). 
Niemantsverdriet, J. W., van der Kraan, A. M., 
van Dijk, W. L., and van der Baan, H. S., J. Whys. 
Chem. 84, 3363 (1980). 
Amelse, J. A., Butt, J. B., and Schwartz, L. H., J. 
Phys. Chem. 82, 558 (1978). 
Maksimov, Yu. V., Suzdalev, I. P., Arents, R. A., 
Goncharov, J. V., Krautsov, A. V., and Loktev, 
S. M., Kinef. Katal. 13(6), 1600 (1972). 
Maksimov, Yu. V., Suzdalev, I. P., Arents, R. A., 
and Loktev, S. M., Kinet. Kutal. 15(5), 1293 
(1974). 
Loktev, S. M., Makarenkova, L. I., Slivinskii, E. 
V., and Entin, S. D., Kinet. Katal. 13(4), 1042 
(1972). 
Arents, R. A., Maksimov, Yu. V., Suzdalev, J. P., 
Imshennik, V. K. and Krupyanskiy, Yu. F., Fiz. 
Met. Metalloved. 36(2), 277 (1973). 
Ron, M., in “Applications of Mossbauer Spec- 
troscopy” (R. L. Cohen, Ed.), Vol. II, p. 329, 
Academic Press, New York, 1982. 
Mathalone, Z., Ron, M., Pipman, J., and 
Niedzwiedz, S., J. Appl. Phys. 42(2), 687 (1971). 
LeCaer, G., Simon, A., Lorenzo, A., and Genin, 
J. M., Phys. Status Solidi A 6, K97 (1971). 
Bernas, H., Campbell, J. A., and Fruchart, R., J. 
Phys. Chem. Solids 28, 17 (1967). 
LeCaer, G., Dubois, J. M., and Senateur, J. P., J. 
Solid State Chem. 19, 19 (1976). 
Hofer, L. J. E., Cohn, E. M., and Peebles, W. C., 
I. Amer. Chem. Sot. 71, 189 (1949). 
Barton, G. H., and Gale, B., Acta Crystallogr. 17, 
1460 (1964). 
Phillips, J., Clausen, B., and Dumesic, .I. A., J. 
Phys. Chem. 81, 1814(1980). 
Phillips, J., and Dumesic, J. A., Appl. Surf. Sci. 7, 
215 (1981). 

-1. Phillips, J., Chen, Y., and Dumesic, J. A., in 
“New Surface Science in Catalysis” (M. L. Devi- 
ney and J. Gland, Eds.) ACS Symposium Series, 
p. 518 (1985). 

REFERENCES 

LeCaer, G., Dubois, J. M., Pijolat, M., Perrichon, 
V., and Bussiere, P., J. Phys. Chem. 86, 4799 
(1982). 
Jung, H.-J., Vannice, M. A., Mulay, L. N., Stan- 
field, R. M., and Delgass, W. N., J. Catal. 76,208 
(1982). 



374 GATTE AND PHILLIPS 

22. 

23. 

24. 

25. 

26. 

27. 

Lin, S.-C., and Phillips, J., J. Appl. Phys. 58(5), 
1943 (1985). 
Sorensen, K., “International Report No. 1, Labo- 
ratory of Applied Physics II (Technical University 
of Denver, 1972). 
Wickmann, H. H., in “Mossbauer Effect Method- 
ology” (I. J. Gruverman, Ed.), Vol. 2, p. 39. 
Plenum, New York, 1966. 
M&up, S., and Topsoe, H., Appl. Phys. 11, 63 
(1976). 

28. Blume, M., and Tjon, T. A., Phys. Rev. 165, 447 
(1968). 

29. Blume, M., Phys. Rev. Lett. 18, 305 (1967). 
30. Bradford, E., and Marshall, W., Proc. Phys. Sot. 

London 87, 731 (1966). 
31. Morup, S., Dumesic, J. A., and Topsoe, H., in 

“Applications of Mossbauer Spectroscopy” (R. 
L. Cohen, Ed.), Vol. II, p. 1 Academic Press, 
New York 1980. 

Morup, S., Topsoe, H., and Lipka, J., J. Phys. 32. Maksimov, Yu, V., Suzdalev, I. P., and Arents, 
(Paris) Colloq. 37, C6-287 (1978). R. A., Sov. Phys. Solid State 14, 2832 (1973). 
Granqvist, C. G., and Buhrman, R. A., J. Catal. 33. Ron, M., and Mathalone, Z., Phys. Rev. B 4, 774 
42, 477 (1976). (1971). 


