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M6ssbauer Studies of Rare Earth-Iron Hydrides, 
Carbides, and Nitrides 

D.H. Ryan, X. Chen, and Z. Altounian 

The basic principles of M~issbauer spectroscopy are introduced in the context of magnetically ordered al- 
loys. A description of fitting procedures is presented, emphasizing the use of information derived from 
other techniques and indicating reliability limits. Ways in which the local structural and magnetic infor- 
mation obtained from Miissbauer spectroscopy can be used to probe the effects of hydrogen, carbon, and 
nitrogen additions in R2FeI7 alloys are presented, as well as how to distinguish local and global changes. 
Even apparently large.scale effects, such as a change in the magnetic easy direction, are shown to have 
clear local signatures. A new hybrid carbonitride of the 2-17 alloy series is introduced, which combines 
superior magnetic properties with enhanced thermal stability. The coherent two-phase structure of this 
material, revealed by Miissbauer spectroscopy, is used to emphasize the different information obtained 
from local and bulk measurements. 
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1. Introduction 

UNLIKE techniques used to obtain the bulk characteristics of 
magnetic materials (e.g., Tc, magnetization, coercivity), Mrss-  
bauer spectroscopy provides information on microscopic prop- 
erties (e.g., site moments, magnetic easy direction). It can also 
be used to probe the effects of chemical substitutions at an 
atomic level, to identify components in multiphase systems, 
and can distinguish different chemical environments within an 
alloy. Mrssbauer  spectroscopy allows quantitative assays of 
mixtures, because the spectral area of each component is re- 
lated to the amount present. Furthermore, the technique is iso- 
tope specific (not just chemically specific), and it can thus be 
used to follow isotopically labeled substitutions. The technique 
is rarely used in isolation, because most technologically impor- 
tant materials yield complex spectra that are difficult to inter- 
pret without additional structural information obtained from 
X-ray or neutron diffraction. 

In this article, the experimental technique of Mrssbauer 
spectroscopy is introduced, and the various nuclear interac- 
tions that may be used to obtain information about the local 
magnetic properties of a material are identified. A review of 
what has been learned about the new series of magnetic materi- 
als--R2FelYZ3~5 (Z = H, C, N .... 8 - 0 .5) - - i s  presented and 
concludes with a description of the latest development in this 
se r ies - -a  hybrid carbonitride R2Fe ! 7NxCy(x  + y ~ 3), a coher- 
ent two-phase combination of the carbide and nitride that re- 
tains the advantages of both. This material will be used to 
emphasize the distinction between bulk and microscopic meas- 
urements. 

D.H. Ryan, X. Chen, and Z. Altounian, Centre for the Physics of Ma- 
terials and Department of Physics, McGill University, Montreal, Que- 
bec, Canada. 

The data presented are on two related systems, one with a 
magnetic rare earth (Sin), the other with a nonmagnetic rare 
earth (Y). Comparison between the two systems, which have 
quite different magnetic properties, is used to establish consis- 
tency and improve the reliability of the fits. Several extensive 
Mrssbauer  studies of the nitrides and carbides of R2Fel 7 have 
been published, [1-3] and the results presented here are in gen- 
eral agreement with those works. 

2. M6ssbauer Spectroscopy 

M6ssbauer spectroscopy uses the resonant absorption of y- 
rays by a nucleus to probe the hyperfine splitting of  nuclear en- 
ergy levels and thus obtain information on the atomic 
environment of the nucleus. A spectrum is normally obtained 
by measuring the absorption of a beam of y-rays by a sample as 
a function of the y-ray energy. The source most commonly used 
consists of a few tens of milliCuries (-1 GBq in SI units) of 
57Co diffused into a thin Rh foil. The 57Co decays with a half- 
life of 270 days to an excited state of 57Fe, which subsequently 
emits the 14.4 keV y-ray used in the experiment. Because the 
14.4 keV y-rays are not very penetrating, samples are generally 
prepared in the form of thin foils or layers of fine powders with 
thicknesses on the order of 50 mg/cm 2. The source is normally 
kept at room temperature, and the sample is placed in an oven 
or cryostat to vary its temperature. 

If  the energy of the y-ray corresponds to an allowed transi- 
tion o f a  57Fe nucleus in the sample, it may be absorbed; other- 
wise, it passes through and is detected. The process is similar to 
other spectroscopic techniques such as atomic absorption spec- 
troscopy, except that nuclear rather than atomic transitions are 
used, and the linewidths are many orders of magnitude smaller 
(<10 -8 eV). Because it is impossible to adjust the energy of a 
nuclear decay, energy scanning is achieved by exploiting the 
Doppler effect: 

where v is the velocity of the source, and c is the speed of light. 
In this form, the observed linewidth of the 57Fe transition is 
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-0.13 mm/s (half-width at half maximum intensity), and the 
range of energy shifts needed to span the hyperfine splittings 
encountered lies in the range of+10 mm/s. Such velocities are 
normally achieved by using an electromechanical t ransducer--  
essentially a highly linear loudspeaker--and the transmitted in- 
tensity is plotted versus the velocity imparted to the source. 
Positive velocities correspond to the source approaching the 
sample. 

Three hyperfine interactions between the nucleus and its 
surroundings may be measured. The first is due to variations in 
the s-electron density at the nucleus and leads to an overall shift 
in the center of the pattern. This isomer shift, often denoted 5 or 
IS, is affected by the bonding between the iron atom and its 
neighbors and can be used, for example, to distinguish between 
Fe 2+ and Fe 3+ valence states in compounds. In the absence of 
other effects, a single absorption line is observed, as shown in 
Fig. 1 for a sample of stainless steel. The second interaction 
leads to a splitting of the spectrum into two lines, as shown in 
Fig. 1. This quadrupole splitting, often denoted A or QS, arises 
through a coupling between the quadrupole moment of the nu- 
cleus and a nonspherical charge distribution in its immediate 
vicinity. Two sources of  such a distribution are an asymmetric 
distribution of neighbors in a material (shown for ZnFe20 4 in 
Fig. 1), or an unpaired electron on the parent atom, such as the 
sixth 3d electron on the Fe 2+ ion (shown for FeSO 4 in Fig. 1). 
Changes in D reflect changes in the atomic environment. 
Strictly speaking, the electric field gradient that leads to A is a 
tensor; however, because only two lines are observed and most 
samples are powders, the directional information is generally 
lost, and only the magnitude is observed. The third, and most 
important interaction in magnetic materials, is the magnetic 
hyperfine field, Bhf which splits the spectrum into six lines 
(shown for aFe  in Fig. 1) and arises through a coupling be- 
tween the nuclear and atomic magnetic moments. Although 
comparison between MOssbauer hyperfine fields and neutron 
scattering derived local moments shows that the general trends 
are similar, Bhf is not directly proportional to the local atomic 
moment, and consequently, a simple comparison is not possi- 
ble. Three contributions to Bhfmay be distinguished in a metal- 
lic environment: 

Bhf= Bcp + B4s + Bor b 

Bcp is due to the polarization of the Is, 2s, and 3s shells by 
the 3dmoment  and leads to a field of -11 .3  T/~t B proportional 
to the 3d moment. [4] B4s contains both a positive contribution 
due to polarization of the atom 4s valence electrons and a nega- 
tive contribution due to a transferred hyperfine field from inter- 
actions with neighboring atoms. Bor b is due to the orbital 
moment of the iron atom, t~pically 0.1 ~t B, 15] with a proportion- 

[4 6] ality factor of +42 T/~t B. , The actual contributions of the 
three effects will vary from site to site within a structure, and so 
comparisons with the results of neutron scattering or band 
structure calculations must be made with care. Recognition of 
these differences is now leading to the extension of some band 
structure calculations to obtain hyperfine fields as well as local 
moments so that a more detailed comparison with experimental 
results will be possible. 
In most important magnetic alloys, all three interactions are 
present simultaneously. Because the isomer shift is a scalar ef- 
fect and just moves the pattern as a unit, it can be treated sepa- 

rarely. However, when both A and Bhfare present, the two ef- 
fects must be solved for together. To first order, if the magnetic 

field is dominant, the presence of A in a magnetic pattern leads 
to some minor changes in line positions. However, there is one 

major difference. The value of A measured is now not 
---> 

equal to I A--~, but is given by the projection of A onto the direc- 
--4 

tion Of Bhfand may therefore be reduced. Indeed, if the two vec- 

tors are perpendicular, A is zero. The vectorial nature of the Bhf 
-A combination leads to another complication in many mag- 
netic alloys. For certain magnetic easy directions, the projec- 

tions of A onto the symmetry-related magnetization directions 

0 

o 
oo 

I I 1 I 

3 1 0 S S  

F e 3 +  

FeSO 4 

- F e  

F e 3 0 4  

I I I 
-8 -4 0 4 8 

V e l o c i t y  ( m m / s )  

Fig. 1 MOssbauer spectra of some simple materials showing the 
effects of the three hyperfine interactions. Type 310 stainless 
steel (310SS) exhibits a single, sharp line displaced slightly 
negative from 0 mm/s by a small isomer shift. ZnFe204 exhibits 
a small quadrupole splitting due to an asymmetric arrangement 
of neighboring atoms. FeSO 4 exhibits a large quadrupole split- 
ting due to an unpaired 3d electron on the Fe 2+ ion. There is also 
a large positive isomer shift due to the very different electron 
densities in FeSO4 and the iron metal used to set the zero isomer 
shift. Iron metal (c~Fe) exhibits a pure magnetic splitting of 33 T 
leading to a six-line spectrum. Magnetite (Fe304) has two dis- 
tinct iron sites, and therefore, produces two overlapping six-line 
subspectra. 

Z n F e 2 0 4  

226----Volume 2(2) April 1993 Journal of Materials Engineering and Performance 



may not be equal, and this leads to a magnetic sub-splitting of 
the spectrum into two or more components with different val- 
ues of A. Furthermore, the anisotropic contributions to Bhf can 
lead to the hyperfine fields for the sub-split contributions being 
different by a few Tesla. 

Despite the apparent complexity indicated by the foregoing 
discussion, many spectra can be fitted directly, because enough 
of the components can often be identified visually to allow the 
parameters of any remaining sites to be determined from differ- 
ences between the fit and the data. However, reliable fitting of 
the spectrum of a material with several crystallographically in- 
equivalent sites, which are in turn magnetically sub-split, re- 
quires the use of information from other sources. The number 
of sites is normally taken from X-ray diffraction data. Some in- 
formation on relative sizes of local moments often can be ob- 
tained from neutron diffraction. Magnetic easy directions, 
which control the number and intensity ratios of any sub-split 
components, can be obtained either from X-ray diffraction on 
magnetically aligned powders, or magnetization measure- 
ments on single crystals. 

Even with extra information, it may not be possible to ade- 
quately resolve the spectral components, and some ambiguity 
often remains in the fit. Furthermore, the problem of assigning 
the various components to particular sites will remain. By far 
the most reliable guide to site assignments is intensity, and 
where possible, this will always be used first. Equal intensity 
sites can then be separated by moment size (either from neutron 
scattering or by estimation from the number of iron neighbors 
obtained from X-ray structure determinations), or by A, which 
will in general be smaller in symmetric sites than in highly dis- 
torted sites. However, the effect of the relative directions of the 
electric field gradient and magnetic easy direction must be in- 
cluded. Magnetically sub-split sites can be grouped according 
to known relationships between A for each sub-site; indeed, 
they are often fitted as a linked set. Where many sites of similar 
intensity are present, it may not be possible to identify all of the 
components uniquely, and several different combinations may 
fit the spectrum equally well. Average values will still be reli- 
able; however, any interpretation that depends on detailed val- 
ues should be treated with caution. 
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Fig. 2 MSssbauer spectra measured at 77 K for (top to bottom): 
R2Fe 17H3. 7, R2Fe 17, R2FelTC 2, R2Fel 7NxCy (x/y - 0.3), and 
R2Fel7N2. 3. Data for R = Y are shown on the left and for 
R -- Sm on the right. 

2 . 1  R2Fel7 

These compounds crystallize in two forms, with the early 
rare earths taking the rhombohedral R3m (Th2Zn 17) form, and 
Y and the heavy rare earths (from Dy on) taking the hexagonal 
P63/mmc (Th2Nil7) form. The two structures are closely re- 
lated, and some of the R2Fel7 compounds exist in both forms 
(e.g., Gd). In the rhombohedral case, there is a single rare earth 
site, 6c, whereas for the hexagonal structure, there are two oc- 
cupied rare earth sites, (2b) and (2d). In both structures, there 
are four iron sites: 18h(12k), 18fl12j), 9d(6g), and 6c(4j'), the 
notation being for the rhombohedral (hexagonal) forms, re- 
spectively. None of  these compounds exhibits easy axis an- 
isotropy at room temperature, although Tm2Fel7 does so 
below 74 K.[7] The combination of easy-plane anisotropy and 
low ordering temperatures originally eliminated the 2-17 series 
alloys from consideration as potential permanent magnet com- 
pounds; however, the enhancements caused by light atom inter- 
calation have revived interest. 

Spectra measured at 77 K for the Sm and Y compounds are 
shown in Fig. 2. The easy magnetization direction lying in the 
basal plane causes a magnetic sub-splitting of the 18h(12k), 
18f(12j), and 9d(6g) sites so that the spectra must be fitted with 
a total of eight subspectra in the ratio 12-6:6-6-6:6-3:6 (with 
sub-splittings denoted by the "-"). The presence of six equal in- 
tensity (6) components causes some ambiguity; however, the 
6c(4y') site has the largest moment and is always well resolved, 
and the 18f(12j) group can be identified by their common iso- 
mer shift. 

Fits (summarized in Table 1) yield closely similar 
hyperfine fields in each alloy, with the sequence 

6c > 9d> B18 18h[8] - �9 �9 Bhf Bhf 18tf> Bhf in agreement with moment derived 
from neutron ~iffract~on results on Nd2Fel7 .[9] However, the 
neutron results do not fully distinguish the 9d, 18f, and 18h mo- 
ments, and within error, all three moments are the same. The 
best consensus from s~in-polarized band structure calculations 
yields p6c > p lSf>  pl8h > p9d (see Qi et al. [3] for a review of 
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Table 1 Hyperf ine  f ields a n d  i somer  shifts  o f  mo d i f i e d  RzFel7  at  77 K 

6c(4f), 9dC6g), lSf(12j), lah(12k), <Bhf), (IS), 
T T T T T mm/s 

S m 2 F e l 7 n 3 .  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 4 . 0  

Sm2Fel7 ....................................... 34.5 
Sm2Fe17C 2 ................................... 37.6 
Sm2Fel7NxCy (x < 0.5y) . . . . . . . . . . . . . . . . . .  
Sm2FelTNxCy (x + y) . . . . . . . . . . . . . . . . . . . . . . .  
Sm2Fel7NxCy (sequential) ............ 
Sm2Fel7N2. 3 ................................ 4"i.4 
Y2Fel7H3.7 ................................... 35.5 
Y2FeI7 ......................................... 32.1 
Y 2 F e l 7 C  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35.9 
Y 2 F e l 7 N x C y  ( x  < 0.5y) . . . . . . . . . . . . . . . . . . . .  

Y 2 F e l 7 N x f y  ( x  + y )  . . . . . . . . . . . . . . . . . . . . . . . . .  

Y2Fe 17NxCy (sequential) .............. 
Y2FelTN2.3 ................................... 40~1 

32.1 30.7 29.1 30.8 o. 112 
29.3 25.8 25.3 27.3 0.017 
33.2 27.9 25.7 29.2 0.026 
. . . . . . . . .  29.9 0.074 
. . . . . . . . .  31.6 0.117 

34.8 o. 145 
39(1 35(5 30,9 35.2 0.145 
31.6 30.8 28.5 30.7 0.097 
29.7 26.8 26.2 27.7 0.006 
29.8 28.4 25.9 28.6 0.043 
. . . . . . . . .  30.2 0.076 
. . . . . . . . .  31.4 0.067 

... 33.6 0.087 H .  

35.3 34.9 31.4 34.3 0.084 

this problem). Given the uncertain agreement between the 
Mrssbauer and neutron results, it is not clear that the difference 
in sequence is significant. Assuming the calculations to be cor- 
rect, one possible reason for the displacement of the 9d site may 
lie in the much shorter Fe-Fe distance compared with that for 
the 18fand 18h sites. This may lead to a larger B4s contribution 
to B h f  at the 9d site and thus a larger total hyperfine field even 
thoug- h the contribution from the local 3d moment is smaller. 
Clearly, better neutron diffraction data are needed to confirm 
the moment sizes and check the calculations. 

One distinctive feature of the 2-17 alloys is that, despite the 
large iron moments (~2.17 [tB/Fe), they exhibit extremely low 
ordering temperatures, typically around room temperature, 
with only the Gd compound approaching 500 K. The com- 
pounds on either side of them in the phase diagrams (~Fe on 
one side and either RFe 2 or R6Fe23 on the other) have substan- 
tially higher ordering temperatures. The main reason is the 
weak exchange coupling associated with the very short Fe-Fe 
bonds on the 6c sites, which at 0.24 nm are close to the separa- 
tion at which the Fe-Fe exchange interaction changes sign. Ear- 
lier high-pressure work showed a remarkably large pressure 
derivative of T c in Y2Fe 17 ( 10 K/kbar[ 10]) and that change in T c 
induced by hydriding followed the pressure derivative of T c for 
all of the Y-Fe intermetallic compounds.[ 11 ] These results led to 
the expectation that any dilation of the lattice would raise T c ; 
H, C, and N have all been shown to have this effect. 

2 . 2  R 2 F e l 7  H y d r i d e s  

Hydrogen is by far the easiest interstitial to introduce. An- 
nealing in 1 bar ofH 2 at 250 ~ is sufficient to give a hydrogen 
content of -3  per formula unit and raise T c (for the Sm com- 
pound) from 368 to ~500 K. The maximum T c observable is 
limited by the tendency for the hydrogen to desorb;[ 12] indeed, 
the entire hydriding process is completely reversible, because 
the hydrogen may be extracted by raising the temperature and 
evacuating the chamber. Hydrogen has a strong affinity for the 
rare earths and essentially none for iron and, therefore, will 
tend to occupy sites of high rare earth coordination. Several 
suitable sites exist with two rare earth and 2-4 iron neighbors. A 
combined X-ray diffraction and M6ssbauer study favored oc- 
cupation of the 3b and 18h sites. [12] However, the close prox- 
imity of pairs of 18h sites means that only one of each pair can 
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Fig. 3 Average values of the hyperfine field ((Bhf)) isomer shift 
((IS)), and quadrupole splitting ((QS)) for the hydrides, car- 
bides, and nitrides of the 2-17 alloys compared with the values 
in the starting materials. Measured at 77 K. 

be occupied by hydrogen, and the other is then excluded.[ 13,14] 
This leads to a maximum hydrogen content of R2Fel7H4, al- 
though higher values were claimed. A more recent neutron dif- 
fraction study of Nd2Fe 17Dx favored occupation of the 9e (the 
site also occupied by nitrogen and carbon, see below) and 18g 
sites, suggesting a maximum possible content of x = 9, How- 
ever, the 18g sites form hexagonal rings in the ab-plane with H- 
H distances that are too short to allow full occupation, and only 
one-third occupation of the 18g site is possible, as was ob- 
served, leading to a total hydrogen content ofx - 5. It is inter- 
esting to note that the 18h and 9e sites, distinguished in the two 
studies discussed above, are closely related (the 18h sites are 
reached through small displacements along the c-axis above 
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Fig. 4 Changes in the hyperfine field at each of the four crystal- 
lographically inequivalent sites in R2Fel7Z3~ 5 (Z = H, C, N) nor- 
malized to the values in the starting alloy. Measured at 77 K. 

and below each 9e site), and a regular 50% occupation of 18h is 
almost equivalent to full occupation of the 9e site. 

Hydriding leads to large changes in the MSssbauer spectra 
of both the Y and Sm compounds, as shown in Fig. 2 and 3 and 
summarized in Table 1: A 12% increase in average hyperfine 
field and a 0.09 mm/s increase in average isomer shift (due 
mainly to the lattice expansion), whereas the average quadru- 
pole splitting is essentially unchanged. The lack of change in 
(A) is consistent with the X-ray diffraction observation of no 
crystal structure change and also indicates that the magnetic 
easy direction remains in the basal plane, which means that 
these alloys, although exhibiting improved magnetization and 
ordering temperature, are still unsuitable for permanent mag- 
netic applications. However, from the MOssbauer point of 
view, the key feature of the hydrogen sites is that they only have 
18fand 18h iron neighbors,[ 15] and thus, only these sites should 
be directly affected by the hydrogen. Indeed, the hyperfine 
field at both these sites increases by almost 20% (Fig. 4 and 5), 
whereas the change at the 9d site is closer to 10%. The 6c site in 
the Sm compound is slightly reduced (1%), whereas in the Y 
compound there is a 10% increase. This suggests that the lattice 
expansion alone leads to a 10% increase in iron moments, 
whereas having hydrogen neighbors yields an additional 10% 
increase. The origin of the difference in behavior at the 6c sites 
in the Y and Sm compounds is unclear. 

The behavior of the isomer shift at each site on hydriding is 
more complex, although the trends are consistent between the 
Y and Sm compounds (Fig. 6). Both the 18h and 18fsites ex- 
hibit modest increases, whereas at the 6c site, there is a slight 
decrease, and the 9d exhibits a very large increase. The average 
behavior of  5 (noted above and shown in Fig. 3) largely reflects 
the lattice expansion; however, the detailed behavior at each 
site also includes the effects of changes in bonding and electron 
transfer caused by the hydrogen, and no simple interpretation is 
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Fig. 5 Values of the hyperfine fields at each of the four crystal- 
Iographically inequivalent sites in R2Fel7Z3~ (Z = H, C, N). 
Measured at 77 K. 

possible. A sufficiently accurate band structure calculation to 
predict such changes is still not possible. 

The site occupation of hydrogen, which is set largely by its 
strong affinity for the rare earth, places it in direct contact with 
only two of the four iron sites, and these two sites exhibit the 
largest change in hyperfine field and an increase in isomer shift, 
confirming the proximity of the hydrogen. 

2,3 RzFe]7 Carbides and Nitrides 

Hydriding only raises the ordering temperature without in- 
ducing uniaxial anisotropy, and the hydrogen is easily removed 
by heating. As a result, the hydrides are not useful candidates 
for permanent magnets; however, the principle of intercalation 
modified magnetic materials is established, and other small at- 
oms can be expected to have similar effects and to be more sta- 
ble. 
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Measured at 77 K. 

Carbon was the next element tried. The initial motivation 
was actually to replace the boron in Nd2Fel4B to reduce the 
cost of the alloy. Such substitutions are possible, and the 
R2Fel4C compounds are stable, [10] with the same crystal and 
magnetic structures as the parent borides. [16,17] However, 
there is a 10% reduction in T c and a 6% reduction in iron mo- 
ment on substituting carbon for boron in the Dy[18] and Lu [19] 
compounds. Later analysis showed that R2Fel7C x was also 
present and could be prepared as a sing/e-phase alloy, [17,20] 
withx ~ 1 and with T c increased by about 100 K compared with 
the parent R2Fe 17" X-ray diffraction studies showed that the al- 
loy retained the 2-17 structure and that the carbon occupied the 
9e site.[17,21]However, the occupation is partial, and the ther- 
mal stability of the alloys appears to limit the carbon concentra- 
tion to x < 1.5, [20,22,23] well below the maximum possible 
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Fig. 7 Comparison among hyperfine fields at the four crystal- 
lographically inequivalent sites in R2Fel7Z3~ 5 (Z = C, N) at 15 
K. The correlation is essentially linear (dashed line), with no evi- 
dence of strong local effects of nitrogen or carbon coordination. 
Data taken from Qi et al. [2] and Hu et al. [1] 

value of 3. Following the discovery that it was possible to intro- 
duce nitrogen by gas-solid reaction,[24,25]it was also demon- 
strated that 2-17 carbides with x - 3 could be prepared by the 
same route. [26,27] More recently, an alloy (Sm2Fel7N 5 2) has 
been prepared by annealing in 100 bar of N 2 at 823 "K. [28] 
Both the carbides and nitrides have greatly enhanced T c values 
of around 700 K, largely independent of the rare earth 
used,[2,29-31]indicating that the iron sublattice dominates the 
magnetic ordering. EXAFS measurements using the Sm LII I 
edge gave a N-Sm distance of 0.25 nm, suggesting that nitro- 
gen, like carbon, occupied the 9e site. [32] Subsequent neutron 
scattering [33-35] and EXAFS measurements [36] confirmed this 
assignment. Little magnetic information is available from the 
neutron scattering measurements, because refinements were 
either done with a single iron moment [35] or with only the much 
larger 6c moment allowed to differ. [34] 

Inspection of the Mrssbauer  spectra of the nitrides and car- 
bides shown in Fig. 2 indicates that the iron moment in the car- 
bides is significantly smaller than in the nitrides, or even in the 
hydrides. This may in part be due to the lower carbon contents 
(x = 2) compared with either the hydrides (x = 3.7) or nitrides 
(x = 2.3), but also results from a greater hybridization with the 
iron 3d orbitals in the case of  carbon.[3] Table 1 and Fig. 3 show 
that the increase in (Bhf) in the case of  carbon is quite modest 
(7% compared with 25% in the case of nitrogen), despite the 
fact that the ordering temperatures of  the alloys are quite simi- 
lar (688 K compared with 694 K for the carbide and nitride of  
the Y compound). 

The average isomer shift (Fig. 3) shows the same positive 
trend observed in the hydrides, with the nitrides more positive 
than the carbides. However, the average quadrupole splitting 
exhibits a spectacular feature. Although the values for the Y 
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compounds are essentially unchanged, as would be expected 
with no change in crystal structure, those for the Sm compound 
show a pronounced (-0.2 mm/s) drop. A change in magnetic 
easy direction is the only possible cause, and this is confirmed 
to be easy-axis by X-ray diffraction on aligned powders. [25] 
Only the Sm compounds exhibit easy-axis anisotropy at room 
temperature, although the nitrides of the Er and Tm compounds 
do re-orient at 120 and 200 K, respectively, [30,37,38] and the 
carbides of the same parent compounds re-orient at 125 and 
225 K, respectively. [2 j  

Despite the fact that C and N appear to occupy the same 9e 
site used by H, and the induced lattice expansions and T c in- 
creases are similar, their effects on the neighboring iron mo- 
ments are quite different. All of the hyperfine fields increase by 
about 20% in the nitrides, with only a slightly greater increase 
in the 18f, which has an N neighbor (Fig. 4). On the other hand, 
the carbides show only modest increases of -10%, with the 
smallest changes at the 18fand 18h sites that have C neighbors 
(Table 1 shows that in the carbide of the Y compound Bhf actu- 
ally decreases slightly at the 18h sites). Clearly, the effects of 
Fe-C bonding substantially reduce the gains associated with 
the lattice expansion, and the carbides are likely to be less tech- 
nologically attractive than the nitrides. These trends are similar 
to those observed on substituting C for B in the R2Fel4B alloy 
series discussed above. However, a comparison of the iron mo- 
ments at the six crystallographically inequivalent sites in the 
R2Fel4B and R2Fel4C alloys showed a simple linear correla- 
tion between the boride and carbide moments, with no evidence 
of any local effects due to the nearest neighbor carbon at- 
oms. [~9] Similarly, a comparison of the carbides and nitrides of 
the R2Fel7 alloys (Fig. 7), although exhibiting more scatter, 
shows essentially the same behavior. No local effects due to 
carbon coordination are apparent, although it is clear that the 
carbides have substantially smaller moments. 

The very great chemical differences between C and N mean 
that band structure calculations, which only include the effects 
of lattice dilation, [401 will miss critical details, and the 
only other calculation to date 141] fails to reproduce the 
trends in the hyperfine field increases in Y2Fel7N3, i.e., 
ABI~J > AB~h~> AB1}k > ABh6)g and actually predicts a reduction 
in the 12j site moment on nitriding. As the calculations give 
moments rather than Bh? comparisons with the Mrssbauer data 
are difficult, and thus far neither neutron scattering moments 
nor calculations of  hyperfine fields are available. 

2.4 R2Fe17 Carbonitrides 

Because carbon and nitrogen occupy the same site in the 2- 
17 structure and only one third occupancy can be achieved by 
alloying directly with carbon, it was natural to try filling the re- 
maining 9e sites with nitrogen by annealing the alloy-formed 
carbide in nitrogen gas.142j Such combined substitutions lead 
to alloys with increased T c values (compared to the carbide 
alone), and the final value in the fully nitrided alloys appeared 
to be independent of the initial carbon content. However, the ni- 
trided carbides were unstable, losing nitrogen above 560 K and 
decomposing fully to RN, RC, and t~Fe at 940 K. No M/Sss- 
bauer data are available so far on these materials. 

The authors have developed an alternative method for pre- 
paring carbonitrides of the R2FeI7 compounds by dual gas- 

solid reactions. These may be carried out either simultaneously, 
by combining the nitrogen and hydrocarbon gases in the reac- 
tion chamber, or sequentially by reacting first with nitrogen, 
then with the hydrocarbon. Similar results are obtained in 
either case. The ordering temperatures obtained depend on the 
C:N ratio in the alloy (which is in turn controlled by the gas 
mixture used in the reaction) and interpolate between the pure 
carbide and pure nitride values. [43] X-ray diffraction yields 
sharp reflections showing that the parent structure is retained 
and that the alloy is uniform, and a single, sharp magnetic tran- 
sition is observed at a temperature between those correspond- 
ing to the pure nitride and carbide (Fig. 8). 

By contrast, the Mrssbauer spectra of the Y-based and Sm- 
based carbonitrides in Fig. 2 show a very different picture. It is 
not possible to fit any of the carbonitride spectra using the 
standard sub-splitting into multiple sites, the reason being clear 
from a visual inspection. Consider the region of the Sm-car- 
bonitride spectrum above 3 mm/s. The two strongest lines at -3  
and -5 .6  mm/s are distorted by the presence of precipitated 
t~Fe. Notice the feature just above 4 mrn/s: this is clearly two 
lines and corresponds to a region in the nitride spectrum 
(shown below) that has no absorption lines. However, it does 
match the two-line feature in the carbide spectrum shown 
above. Similarly, there is broad absorption above 6 mm/s in the 
carbonitride that has a counterpart only in the nitride, not the 
carbide. The material is clearly some sort of mixture of the two 
phases. However, a simple-minded attempt to fit the carboni- 
tride spectrum as a linear combination of the corresponding 
pure carbide and nitride spectra fails. It is necessary to allow 
the average hyperfine fields of the two components to vary, 
leading to a slight enhancement of (Bhf) in the carbide compo- 
nent and a similar reduction in the case of the nitride. The actual 
magnitude of  these shifts depends on the relative proportions of 
the carbide and nitride phases in the alloy. Such a procedure re- 
produces the experimental pattern extremely well and yields 
parameters that differ only slightly from those used to fit the cor- 
responding single intercalent alloy. One immediate result of this 
analysis is the C:N ratio present in the alloy, which can be com- 
pared with that in the gas mixture used in the reaction chamber. 
A consistent enrichment in nitrogen by almost a factor of two is 
observed, showing a strong preference for the nitrogen. 
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Fig. 8 Thermomagnetic scans for Y2FeI7Z3_ 8 with Z = C, NxCy 
(x/y - 0.3), and N. Showing a single sharp T c for the carbonitride 
that lies between the value for the pure nitride and carbide. 
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Two major questions are raised by this analysis: (1) How 
does the two-phase structure arise? (2) How can a clearly inho- 
mogeneous alloy appear single phased to X-ray diffraction and 
magnetic measurements? Clearly, for such a structure to arise, 
there must be a strong tendency for C and N to avoid being in 
the same part of the alloy. This repulsion may in part be respon- 
sible for the instability of the nitrided carbide alloys noted 
above. [42] During the gas-solid reaction, the two elements dif- 
fuse into the alloy simultaneously. Once each has nucleated a 
region in a given grain, the other will be excluded from the vi- 
cinity and thus carbon-rich and nitrogen-rich regions will de- 
velop. These will then grow as the reaction proceeds until their 
boundaries meet. It is reasonable to expect that a given grain 
may have several nitride and carbide islands within it; indeed, 
to explain the X-ray diffraction and T c behavior, multi-island 
grains are essential. This model is a variation on the shell model 
proposed by Coey et al. to explain how partially nitrided parti- 
cles can exhibit a single magnetic transition. [44] Because the 
difference in lattice parameters between the pure nitride and 
pure carbide is on the order of 01.%,[43] they could easily grow 
coherently with a single, average lattice parameter controlled 
by the proportions of the two phases present. A lower limit on 
the island size can be obtained by noting that the lines in the 
Mrssbauer spectra are quite sharp, meaning that the contribu- 
tion from iron atoms on the boundaries between islands is rela- 
tively small, suggesting a minimum island length of -100 nm 
(~ 1% of the atoms on the surface). The lattice mismatch is suf- 
ficiently small that coherent growth over many microns may be 
possible. 

3. Conclusions 

Mrssbauer spectroscopy can be used to obtain detailed local 
information about magnetic ordering in alloys. As a local struc- 
tural probe, it provides information that is complementary to 
the results of bulk measurements such as X-ray diffraction and 
magnetization. The microscopic information provided may be 
used to check the results of band structure calculations and also 
allows comparisons on a local level between a wide variety of 
magnetic alloys. In some special cases, the particular sensitiv- 
ity of the technique is essential to understand the structure and 
composition of a material. 

The carbonitrides demonstrate that it is possible to form a 
material that appears uniform both magnetically and structur- 
ally and yet clearly consists of a two-phase mixture. The site- 
specific microscopic information obtained from M6ssbauer 
spectroscopy allows the two components to be identified and 
their relative proportions 1o be determined. 
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