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Measured magnetization and *’Fe hyperfine fields at T~0 K for Y,Fe,; and Y,Fe;Z;_s, with Z=H,
C, or N and §~0.5, are analyzed to determine the influence of the interstitial atoms on the 3d magne-
tism. All are weak ferromagnets with a nearly-full 3d subband, although when Z=N, the magnetic mo-
ment of 38.1up is very close to the fully saturated value of 39.4up. On a local scale, the order of
hyperfine fields Bif(=35T)> B% (=33 T)> B}¥ (=30 T) > B}3* (=28 T) is different from that of the lo-

cal magnetic moments given by several recent band calculations for Y,Fe,;, u*f (=2.5uz)>u

12j

(=2.2up)>p'* (=2.0up)>u’ (=19 up), reflecting a large 4s-transferred hyperfine field at 6g sites
which have very short Fe-Fe distances. The volume of samples with Z=C and N are identical, and so
the chemical effects of the interstitials can be distinguished; both the local magnetic moment and
hyperfine fields are systematically smaller in the carbide than the nitride by 5% and 12%, respectively.

I. INTRODUCTION

The ability of rare-earth (R) —3d-transition-metal (7T)
intermetallics to absorb large quantities of certain main-
group atoms (Z) in a gas-phase reaction at temperatures
~500°C, thereby forming expanded R-T-Z interstitial
compounds, offers the prospect of tuning the magnetic
properties by gas-phase interstitial modification.' The
changes in magnetic properties are greatest for the iron
compounds, where the Curie temperature T increases,
for example, from 325 K in Y,Fe;; to 694 K in
Y,Fe|;N, > Similar increases are found for other 2:17
rare-earth iron nitrides®* and carbides®~’ prepared by
the gas-phase interstitial modification process. The pro-
cess is also effective for other R-T structure types such as
1:12,°7196:23,' and 1:7."2

A large body of literature exists on R-T hydrides.!?
The increases of Curie temperature are smaller for the
R,Fe,; hydrides (150 K)'*'* than for the nitrides and
carbides, but there are analogies and differences in the ab-
sorption and/or disproportionation behavior'® as well as
the changes in magnetic properties which make for an in-
teresting comparison.

Here we focus on the Y,Fe,; interstitial compounds
where yttrium acts as a ‘“‘nonmagnetic” rare earth, in or-
der to study the influence of the interstitials on the 3d
magnetism. Y,Fe,; is a ferromagnet with c-plane anisot-
ropy having the hexagonal Th,Ni,; structure, illustrated
in Fig. 1. Like the closely related rhombohedral Th,Zn,,
structure, the hexagonal Th,Ni;; structure is derived
from CaCus by ordered substitution of Fe, dumbbell-
shaped structures on one third of the Ca sites, but the
stacking sequence differs in the two 2:17 polytypes which
are close in energy. Furthermore there may be some de-
viation from the ideal one third of Fe, (4f) dumbbell-
shaped molecules,'” so the formula would then be
Y,_,Fey;.15,, with |x| £0.1. The defect structure of any
given sample will reflect its thermal history, and this may
introduce small differences in the intrinsic magnetic
properties.
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Numerous structural studies have been conducted to
locate the interstitial nitrogen in R,Fe;N;_;, including
EXAFS for R =Sm,'®!" and neutron diffraction for
R=Y,0722Pr,2 and Nd.?°~222* Nitrogen has a neutron
scattering length by =0.93X 1072 cm which makes it
easy to locate accurately. All the studies indicate that ni-
trogen is predominantly on the 6h octahedral sites in the
hexagonal structure (9e sites in the rhombohedral struc-
ture). The best fit of high resolution powder data has
been obtained with exclusive occupancy of these sites in
the Pr compound.” In the case of Y, Ibberson et al.
placed 12% of the N on the 12i site,”” whereas, Yang
et al®' and Jaswal et al.? reported exclusive 6h site oc-
cupation.

No structural studies of fully loaded carbides have
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FIG. 1. Hexagonal structure of Y,Fe,; showing the 6h inter-
stitial site.
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TABLE 1. Structural and magnetic properties for Y,Fe,; and Y,Fe;Z;_; (Z=H, C, or N) com-

pounds.

Compound a (nm) ¢ (nm) V (nm?) Tc (K) M (ug/fu.)
Y,Fe; 0.848 0.826 0.514 325 32.8
Y,Fe, H, ; 0.854 0.829 0.524 475 31.8
Y,Fe,:Cs 5 0.866 0.840 0.546 660 36.1
Y,Fe;;N, 5 0.865 0.844 0.547 694 38.1

been published. Early x-ray diffraction studies on
R,Mn;;C;_s with 8~2 showed octahedral site occupan-
cy for carbon.?>?¢ A neutron study by Helmholdt and
Bushcow?” on a sample with R =Nd and §~2.5
prepared from the melt also indicates exclusive octahe-
dral site occupancy for the interstitial carbon atoms. The
interstitial site occupancy in the hydrides is rather
different. Neutron studies by Isnard et al. on deuterated
material for R =Ce, Nd, Ho,?® and Pr?® showed that hy-
drogen occupies both octahedral 6h (9¢) and tetrahedral
12i (18g) sites in almost equal proportions.

Here we examine the total and local magnetization and
Curie temperature of Y,Fe;, and study the influence of
interstitials on these properties. Most results are given
for carbide and nitride samples with a high degree of 6h
site occupancy (~80%), and a hydride with a similar
number of interstitial atoms.

II. EXPERIMENTAL METHODS

The Y,Fe,; alloy was first made by arc melting 3N pure
metals, and annealing in vacuum at 1000°C for 50 h. The
nitride was prepared by exposing small quantities (~ 50
mg) of finely ground powder in 1 bar of nitrogen at 550°C
for about 3 h, as described previously.z'3 The carbide was
prepared by heating the powder for 2 h at 550°C in 1 bar

of butane in the thermopiezic analyzer,*® and then pump-
ing to remove any hydrogen or unreacted butane before
cooling. A similar procedure was carried out for Y,Fe;
with hydrogen in the thermopiezic analyzer to prepare
the hydride, except that heating was for half an hour at
250°C in 1 bar of hydrogen. The nitrogen content of the
nitride was deduced from the pressure drop observed in
the thermopiezic analyzer on cycling back to room tem-
perature to be x =2.5%0.2. The hydrogen content of the
hydride was determined by the same method to be
x =2.7140.2. The carbon content of the carbide was
determined by pressure change or weighing to be
x =2.2%0.2.

The hydride was essentially an expanded pure phase,
whereas the carbide and nitride contained in addition
traces (<5%) of poorly crystallized a-Fe, which is a
product of the disproportionation reaction that follows
carbon and nitrogen absorption.’! By x-ray diffraction
the crystal structures of the nitride, carbide, and hydride
were similar to the Th,Ni;,-type hexagonal structure of
their parent compound.

Magnetization measurements were made using a
vibrating-sample magnetometer (VSM), calibrated with a
50-mg Ni sphere; an axial magnetic field of up to 5 T was
produced by a superconducting magnet or a transverse
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FIG. 2. The *’Fe Mdssbauer spectrum of Y,Fe,; at 15 K with the fit shown as a full curve. The broken lines refer to subspectra

proposed for the four inequivalent Fe sites.
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TABLE II. Hyperfine fields for each crystallographic site of Y,Fe,; and Y,Fe;Z;_5 (Z =H, C, or N)

deduced from *’Fe Mdssbauer spectra.

Compound Temp. (K) 4f 6g 12j 12k (Bye) (T)
Y,Fe,, 15 34.6 32.9 29.7 28.2 30.3
293 18.5 14.8 10.8 3.0 9.7
Y,Fe,;H, 5 15 34.6 29.6 29.3 26.8 29.1
293 28.1 24.5 234 21.9 23.6
Y,Fe ;Cs 5 15 36.3 34.1 30.8 26.5 30.5
293 334 30.6 25.7 23.2 26.6
Y,Fe;N, < 15 40.1 36.7 350 319 34.8
293 37.1 339 31.2 29.1 31.6

magnetic field of 1.5 T was produced by an electromag-
net. Curie temperatures were deduced from thermomag-
netic scans in a fixed field of 4 mT. The Mossbauer spec-
tra were obtained using a constant acceleration spec-
trometer with a 20-mCi source of *’Co in rhodium. The
samples consisted of about 20 mg/cm’ of Y,Fe\;Z;_g
powder mixed with icing sugar to form homogeneous and
isotropic absorbers. The velocity scale was calibrated us-
ing an a-Fe absorber at room temperature. Sample tem-
perature was either room temperature (293 K) or 15 K
(T ~0 K), obtained with a closed-cycle two-stage helium
refrigerator (Air Products HC-2).

Moéssbauer spectra were fitted to seven or eight in-
dependent Lorentzian magnetic sextets corresponding to
the four inequivalent Fe sites; 6g, 12j, and 12k sites are
fitted with two subspectra with intensity ratio 2:1 corre-
sponding to groups of magnetically inequivalent sites
when the direction of magnetization lies perpendicular to
the ¢ axis.’>3® The same 1:2:4:2:4:2:2 intensity constraint
for the I°8..1%2.1 'P1.r 22,1912, 14 site intensities was
previously used to fit MoOssbauer spectra of R,Fe,;** and
R,Fe;Z; 5 (Z=N,¥C*). Linewidths of outer, middle,
and inner pair of lines were allowed to vary independent-
ly to take account of a small distribution in hyperfine
fields due to defects in the structure. These linewidths
were all in the range 0.15-0.36 mm/s full width at half
maximum, in the order of 'y , <T', s <T'y 4.

III. RESULTS

Results on the unit cell parameters, Curie temperature,
and magnetization are brought together in Table I, where
it can be seen that the lattice expansion of the nitride and
carbide are very similar (6% volume expansion). The ni-

tride has a slightly larger Curie temperature and magneti-
zation at T=4.2 K, expressed in Bohr
magnetons/(formula unit). In either case, the magnetiza-
tion increases by 10-15 %, whereas the Curie tempera-
ture increase is more than 100%. The effects of hydrogen
are different. The volume expansion is only 2%, the Cu-
rie temperature increases by 46%, and the magnetization
actually falls.

Figure 2 shows the: Mdssbauer spectrum of Y,Fe; at
15 K, together with details of the fit to seven Lorentzian
sextets for the four crysallographic sites. In the fit, the
intensities of the components are constrained as de-
scribed above. Each pair of sextets for the 6g, 12j, or 12k
sites has the same isomer shift, but a different quadrupole
splitting and hyperfine field due to the magnetization ly-
ing along one of three equivalent symmetry directions in
the plane. Table II lists the average hyperfine field at
each site, and the overall average. The order is
By >B%>Bl¥>BlX In view of the calculated mo-
ments following the order u* > p'¥> p'?*> 1% (see Dis-
cussion in the next section) we also sought an acceptable
fit to the data with the hyperfine fields in this order, but it
could not be achieved. The goodness of fit parameter x*
was 1.02 per degree of freedom for the fit of Fig. 2, and
significantly larger (y*> 1.54) for any fit that respected
the order of the moments.

Figure 3 shows Mossbauer spectra for the interstitial
compounds at 15 K and room temperature. The same
fitting procedure and constraints were applied as for
Y,Fe,;, including variable linewidths allowed to reflect
variations in local environment resulting from incom-
pletion of site occupancy by C or N. Trends for the iso-
mer shifts and hyperfine fields at the four sites across the
series are shown in Fig. 4.

TABLE III. Magnetic moments and hyperfine field in Y,Fe,, and Y,Fe|;Z; s (Z=H, C, or N).

m mege By B, By B, By /mg.
Compound (ug/fu.) (up/Fe) (T) (T) (T) (T (T/up)
Y,Fe,; 32.8 1.98 —30.3 —22.4 —9.4 1.5 —15.3
Y,Fe;;H;_§ 31.8 1.92 —29.1 —21.7 —8.9 1.5 —15.2
Y,Fe;Cs_5 36.1 2.17 —30.5 —24.5 —6.8 0.8 —14.1
Y,Fe;N;_5 38.1 2.29 —34.8 —259 —9.7 0.8 —15.2
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FIG. 3. The ’Fe Méssbauer spectra of Y,Fe;Z;_5 (Z=H,
C, or N) at 15 and 293 K with fits shown as full curves.

It is difficult to assert that fits to any such complicated
Mdssbauer spectra are definitive, but those we present
have the virtue of obeying the crystallographic con-
straints and providing consistent trends across the series
which are capable of physical interpretation.

IV. DISCUSSION
A. Bulk magnetization

A useful starting point in the discussion of the magne-
tization of 3d intermetallics is the idea of strong fer-
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romagnetism, which provides an upper limit to the mag-
netic moment that can be expected, given the number of
electrons in the compound. A strong ferromagnet has
the 3d 1 states fully occupied. When they are only par-
tially occupied, the compound is a weak ferromagnet.
The moment corresponding to strong ferromagnetism
can be obtained from the magnetic valence model,® as-
suming the constituents contribute to a common spd
band structure. The magnetic valence is defined as
Z,=2N]—2Z,, where NJ=0 for Y, 5 for Fe and Z, is
the chemical valence; Z,=3 for Y and 8 for Fe. The
average moment per atom is then (m)=(Z, )+2N],
where (Z,, ) is the average magnetic valence per atom
and NSI, is the occupancy of the unpolarized sp band, sup-
posed to be ~0.3. For Y,Fe,,, this yields a moment cor-
responding to strong ferromagnetism of 39.4p 5, which is
somewhat greater than the observed value of 32.8uy ob-
tained by extrapolating the data obtained on free powder
to 1/B2=0, or the single-crystal value of 34.2u5." This
indicates, and detailed band calculations®®~*° confirm,
that the 3d 1 states are not completely full in Y,Fe,,
which is therefore a weak ferromagnet.

Applying the magnetic valence model to the interstitial
compounds leads to a problem. Taking Z.=1, 4, and 5
for H, C, and N yields moments of 38.2upg, 29.2up, and
26.2up for the Y,Fe,;Z; compounds, whereas the ob-
served values (Table I) are actually greater. The assump-
tion of a common band structure with a small Z, occu-
pancy is blamed. It is more reasonable to consider the ni-
trogen or carbon electrons in a separate atomic level far
below the Fermi level.® All the interstitial compounds
then appear as weak ferromagnets, although the moment
of the nitride, 38.1up, is very close to that expected for
fully saturated, strong ferromagnetism (39.4up), as the
3d 1 band is very nearly full. No further volume expan-
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TABLE IV. Calculated atomic moments in Y,Fe; (in units of uz/atom).
4f 6g 125 12k 2b,2d Average

Method Fe Fe Fe Fe Y Fe moment Ref.
TB Recursion 2.31 1.55 1.86 1.79 1.83 36
TB Recursion 245 2.15 2.09 2.10 —0.43 2.15 37
SC ASW 2.29 1.91 2.25 1.97 —0.29 2.10 38
NSC LCAO 2.96 1.78 2.23 2.14 —0.24 2.20 39
SC LMTO 2.41 1.91 2.35 2.12 —0.41 2.20 40
SC LMTO 2.53 1.92 2.25 2.00 —0.46 2.14 22

sion or band narrowing can increase the magnetic mo-
ment per formula unit beyond this value. Indeed further
volume expansion will cause the technically important
magnetization per unit volume, M, to decrease.

The volume expansion of the carbide and nitride com-
pounds are virtually identical, yet there are differences in
the magnetic moment and average hyperfine field (Tables
I and II) which must be of chemical origin. The increases
in both quantities are less in the carbide than in the ni-
tride. A simple explanation of the moment difference
would be the greater electronegativity of N than C, lead-
ing to greater electronic charge transfer to N than C.
However, the difference in magnetization of
2up/(formula unit) would require an extra charge
transfer of 2 of an electron per nitrogen or more, because
the ferromagnetism is not strong. There is no evidence of
such large charge transfers in XANES measurements'® or
atomic calculations,’® which support an atomic picture
for the nitrogen.

It is more reasonable to attribute the 5% smaller car-
bide moment to a greater hybridization with iron 3d or-
bitals. This is reflected in the greater Miedema parame-
ter nyg of carbon (values for N, Fe, and C are 4.10, 5.36,
and 6.86, respectively*?), which means that the electrons
in C-Fe bonds will tend to occupy bonding states with a
build-up of charge in the interatomic region near the
boundary of the Wigner-Seitz cell with consequent co-
valent reduction of the iron moment, whereas electrons in
N-Fe bonds tend to avoid the interatomic region, and oc-
cupy more localized, antibonding states.

Interpretation of the chemical effect on the average
hyperfine fields is trickier since there are three main con-
tributions that may be distinguished in a metal

Bhf:Bcp+B4s +Borb .

The first of these, B, is due to the core polarization of
1s, 2s, and 3s shells by the 3d moment. This has recently
been calculated by Coehoorn er al. for a range of Y-Fe
intermetallics,** who find that B, is accurately propor-

J

tional to the 3d moment, with a constant of proportional-
ity of —11.3 T/up. B, however, is due both to polar-
ization of the 4s valence electrons of the same atom
which gives a positive contribution, and to the
transferred hyperfine field from interaction with neigh-
boring atoms. The third term is related to the orbital
moment of iron, which is typically of order 0.1ug in
iron-rich intermetallics.** The proportionality factor
here is 42 T/up.* The orbital contribution is anisotrop-
ic, and it can be deduced experimentally by noting that
the average hyperfine field in Tm,Fe,;, where the magne-
tization lies along the ¢ axis, is 1.5 T higher than for
Er,Fe,;, where the moment lies in the ¢ plane.”® Further-
more, this term is not significantly different in the carbide
or nitride, since there is a similar decrease of 0.8 T at the
spin reorientation transitions observed as a function of
temperature for R,Fe;;Z;_5 where R =Er or Tm and
Z =N* or C.¥ We conclude that the lower magnitude
of the hyperfine field in the carbide must be attributed to
a positive 4s transferred hyperfine field (Table III).
Finally, it is worth noting that the relation between the
average iron moment, obtained after correcting m for the
small moments residing on Y, C, or N (see below) and
average hyperfine field is ~—15.3 T/up in Y,Fe,4, the
hydride and nitride, but —14.1 T/up in the carbide.

B. Local magnetization and hyperfine field

1. Y;Fe”

There have been six independent spin-polarized calcu-
lations of local moments in this compound’’~** which
are summarized in Table IV. Despite the different calcu-
lation methods, some self-consistent some not, there is an
encouraging measure of agreement among these results.
Apart from the calculation of Szpunar which gives a
large 6g site moment, and the calculation of Inoue and
Shimizu which systematically underestimates the magni-
tudes, the results indicate

uf (=2.5up)>p' (=2.2up)>p'* (=2.0uy)>u® (=1.9up)

with an average iron moment of 2.1ug. There is also a
small negative moment of —0.4up residing on the yttri-
um.*® In view of the sign, this should be mainly of 4d
character.®’

The iron moments are sensitive to local coordination
and nearest-neighbor distances. Yttrium neighbors
reduce the iron moment, and in amorphous Y,_, Fe, al-
loys, where it is possible to vary the composition continu-



45 MAGNETIZATION AND ’Fe HYPERFINE FIELDS IN . . .

120 F T T T T T T T T T 3
L ocC s
* H o
100~ * N -
80 [— —
~ d
s I 7 i
Q 60»—— ° Q'/ p—
- 7
~ 4
'_u - .,/ % 1
o 7z
< — 4 —
40 . 7
L ° ]
e
7/
20 — // -
o,” Y2Fe‘7ZY
L ) i
7
of ¢ ]
| B BT R TR R
0 2 4 6
AV/V (B)

FIG. 5. Curie temperature as a function of volume increase
of Y-Fe compounds.

ously, it has been found that the iron moment is de-
stroyed completely when x <0.4°° Large numbers of
iron neighbors tend to increase the iron moment.

The nearest-neighbor coordination of the four iron
sites in Y,Fe,; is summarized in Table V.*' From these
considerations we would expect the largest iron moment
to be on the 4f dumbbell site, which has one rare-earth
neighbor, and the smallest to be on the 12k site, with
three rare-earth neighbors, and only nine iron neighbors,
ie.,

4f 6 12§ 12k
pt>pft~p >

6g and 12j have the same coordination numbers, but the
crucial feature seems to be the very short Fe-Fe distance,
which is 0.1-A shorter for 6g than 12j. The calculation
by Coehoorn?® also indicates that the 6g moment is the
one that increases most rapidly as the lattice expands.

The >'Fe hyperfine fields follow the order suggested by
coordination rather than local moment

1500 — -
g 1000 B YoFe 7Cly ]
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O 500 _

Y2Fe|7
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2l 2l 2le 2ls 3lo 32 sla sle 3ls
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FIG. 6. Modified Slater-Néel curve for Y,Fe,; interstitial
compounds.

o

TABLE V. Site environment and interatomic distance between Fe atoms for Y,Fe,; (in A).

Average
nearest-neighbor

Fe Fe Fe

Fe

2b,2d

12k

12j

6g

4f

dFe-Y

d Fe-Fe

dFe-Y

dFe-Fe

dFe-Fe

dFe-Fe

d Fe-Fe

Site

3.23

2.52

3.30
3.30
3.10
2.99
3.20
2.94

2.44

2.57

2.44

2.66

12k

2.99
3.20
2.94

10
10
13

2.55
2.46
2.65

2.57
2.44
2.66

2.46
2.43
2.73

243

2.73
2.58

12j
6g
4f

2.58

2.39
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B (=35T)>B% (=33 T)>B¥ (=30 T)>B}}* (=28 T).

There is no constant factor relating hyperfine field and local moment, the proportionality varying from —13.5 to
—17.3 T/up according to the site. The average hyperfine field is nevertheless proportional to the average iron moment
for a series of Y-Fe intermetallics, with a factor of —14.8 T/up,’! suggesting that in a compound with several sites, the
effect of the transferred hyperfine field somehow averages out.

A rough breakdown of the hyperfine field at the four sites into core polarization, 4s and orbital contributions is given
in Table VI. The magnitude of the 4s term is especially large at 6g sites. This term appears to depend at least exponen-
tially on distance, besides reflecting the coordination of the site.

2. Y2F81723

Three calculations have been carried out which examine the effect of volume expansion alone on the local mo-
ments,>®** and there are others that include in addition the effect of nitrogenzz'39 or carbon.’? There are no calculations
with hydrogen. Results are summarized in Table VII. Unfortunately, there is much less accord than for the pure com-
pound. The non-self-consistent LCAO calculations of Li et al.*>>? yield a wider spread of atomic moment values due
to local redistribution of the charge than the self-consistent LMTO calculation.”? The self-consistent calculations do
not agree in the order of the moments, nor does the influence of nitrogen coordination emerge clearly. The 12j and 12k

sites each have one nitrogen nearest neighbor, whereas the 4f and 6g sites each have none.
The order of hyperfine fields is the same as for the pure Y,Fe,:

nitride, B} (=40 T)>B% (=37 T)>Bl¥ (=35 T)>B\* (=32 T),

carbide, Bff (=36 T)>B$§ (=34 T)>B}¥ (=31 T)>B}* (=27T),

but it is difficult to comment on the relative importance
of core polarization and 4s contributions in the absence
of any consensus concerning the values of the local mo-
ments. We therefore confine our remarks to the 4f mo-
ment which is the largest in all calculations except that of
Beuerle,*® and whose hyperfine field of 40 T in the nitride
is quite exceptional for a metal. On the one hand, the 40
T may reflect core polarization due to an exceptionally
large iron moment produced by charge transfer out of the
3d | states at that site.’®> On the other hand, if the iron
moment is only 2.6up, the 4s contribution must be as
large as —15.3 T (Table VI). Some further evidence is
provided by the isomer shift data of Fig. 4(c), where 6 de-
creases very substantially from 0.30 mm/s at 4f sites in
Y,Fe;; to —0.11 mm/s in Y,Fe;N;_5. The effect of
volume expansion alone would be to increase § by ap-
proximately 0.06 mm/s. A reduction of the isomer shift
by 0.47 mm/s is therefore attributable to a change in the
3d /4s occupation at the 4f site, and is consistent with a
loss of ~0.5 3d electrons at that site.’> However accu-
rate measurements of the local moments by neutron
diffraction are now needed.

It is interesting that carbon reduces the hyperfine field
by about 10% with respect to nitrogen at all sites, with
only a small extra effect at 12j and 12k which are directly
coordinated by an interstitial.

C. Exchange

The most striking effect of the interstitials is the enor-
mous increase in Curie temperature. It is now estab-
lished from both experiments’ and calculations®® %32
that this effect is primarily due to the volume expansion.
The chemical nature of the interstitial is secondary. Fig-
ure 5 is a compilation of data for different concentrations
of H, C, and N in Y,Fe .

The discussions of the magnetization in Sec. IV A led
to the conclusion that the 3d band is almost fully spin po-
larized in these compounds and that further band nar-
rowing will not increase the magnetic moment beyond
39.4up. The expansion-induced increase of the Curie
temperature therefore reflects the volume dependence of
the exchange interactions, rather than any significant
change in the iron moments themselves.

What then is the highest Curie temperature that could
be achieved in a 2:17 compound? At some point, the rise
of T with volume expansion must saturate, and T will
begin to fall again at large interatomic spacing since the
exchange interactions ultimately depend on the overlap
of the wave functions of adjacent atoms. This idea was
expressed in the classic Slater-Néel curve,”® which can be
rescaled for 2:17 compounds as follows. The volume
when T-=0 K (486.2 A%) was inferred from the pressure

TABLE VI. Site moments and hyperfine fields in Y,Fe,;.

Moment By Bep B, B, By¢s/moment
Site (ug) (T) (T) (T) (T) (T/up)
4f 2.5 —34.6 —28.3 —10.9 4.6 —13.8
6g 1.9 —32.9 —21.5 —11.6 0.2 —17.3
125 22 —29.7 —249 —5.8 1.0 —135
12k 2.0 —28.2 —22.6 —7.1 1.5 —14.1
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TABLE VII. Calculated atomic moments in expanded Y,Fe,; and Y,Fe;;Z; (Z=N and C) (in unity of uz/atom).
4f 6g 125 12k 2b,2d 6h Average
Compound Method Fe Fe Fe Fe Y V4 Fe moment Ref.
Y,Fe; SC LMTO 2.50 2.25 2.55 2.50 —0.38 2.47 40
Y,Fe; NSC LACO 2.96 2.00 2.58 2.44 —0.35 2.47 52
Y,Fe; SC ASW 2.45 2.21 2.41 2.26 —0.51 2.33 38
Y,Fe;N; NSC LACO 345 3.11 2.22 1.69 —0.07 —0.12 2.33 39
Y,Fe;;N; SC LMTO 2.65 2.53 2.01 2.57 —0.33 —0.04 2.37 22
Y,Fe,,C, NSC LACO 2.94 2.54 2.08 1.74 —0.29 —0.08 2.14 52

dependence of T¢, and the bulk modulus. Further points
at ¥=514.3 A® and ¥ =547.3 A® are taken from Y,Fe,,

and Y,Fe;N;. The tail of the curve varies as

e 9TEY A% where a, is Bohr radius (0.53 A) and d

average Fe-Fe distance estimated from the hexagonal cell
volume by 34d3=V.

The conclusion from Fig. 6 is that the maximum Curie
temperature would be about 1700 K, at a volume expan-
sion of about 45%. The structural stability of the phase
will be compromised long before this, but it is worthwhile
trying to insert interstitial atoms with larger atomic
volumes such as boron, silicon, phosphorus, or chlorine
into the octahedral sites. The hypothetical compound
Y,Fe,;,Cl;, for example, could have T-~900 K, and
AV/V~9%.

V. CONCLUSIONS

The magnetization of Y,Fe,;, and Y,Fe ;N in particu-
lar, reflects an almost completely spin-polarized 3d band.
The variations in the local moments at the iron sites from
1.9 to 2.5up in Y,Fe,; are due to local charge redistribu-
tion of a fraction of an electron per site.

The hyperfine fields at the different sites are not pro-

portional to the spin moments, mainly on account of the
4s transferred hyperfine field which is most important at
6g sites because of the short Fe-Fe distances, and at 4f
sites where the iron coordination number is large.

The primary effect of the interstitial atoms on the mag-
netic properties is related to volume expansion. They
serve as atomic impurities which dilate the lattice.
Chemical effects are secondary, but nitrogen has less
influence than carbon in reducing the magnetization by
forming covalent bonds with iron.

Further increases in Curie temperature beyond 700 K
can be envisioned provided bulkier interstitial impurities
can be found which will diffuse into Y,Fe,; without de-
stroying the hexagonal crystal structure.
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FIG. 1. Hexagonal structure of Y,Fe,; showing the 6h inter-
stitial site.



