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Abstract, The pressure dependence of the magnetisation of Y,Fe,;, Y¢Fe,;and YFe,at4.2 K
has been deduced from forced volume magnetostriction measurements in fields up to 12 T.
The pressure dependence of the ¥Y hyperfine field in the above compounds and YFe; has
been measured using NMR. The results are consistent with a model in which a moment of
= —0.4 uy exists at the Y site of all four compounds as found in computer calculations for
YFe,.

1. Introduction

The Y-Fe compounds (Y,Fe,;, Y Feys, YFes, YFe,) have always been considered to be
the simplest members of the large class of compounds of the type R, Fe,, where Ris a
rare earth and m and 7 integers, because it was assumed that the magnetic moment at
the Y site (uy) was zero. First-principles computer calculations (Mohn and Schwarz
1985) and measurements of the pressure dependence of the magnetisation per unit mass
(0) and hyperfine field (HFF) at the Y site (Hy) of YFe,, however, showed conclusively
that uy = —0.4 ug, i.e. antiparallel to pug, = 1.66 ug (Armitage et al 1986, Dumelow et
al 1986).

In the present paper we present values for 8 In Hy/d P, the pressure derivative of the
Y HFF, and forced magnetostriction data, from which 8 In 0/4 P may be deduced, for the
Y-Fe compounds and show that all the results are consistent with uy = ~0.4 ug. It is
not therefore correct to assume that uy is zero in the analysis of the magnetisation of
compounds of the type R, Y Fe, as has commonly been the practice in the past (see
for example the review article by Buschow 1977).

Similarly the earlier treatment of the Y HFF as arising purely from conduction electron
polarisation (Oppelt and Buschow 1973, Riedi and Webber 1983, Riedi et al 1985) has
already been shown to be incorrect for YFe, (Dumelow et a/ 1986) because the localised
uy makes a positive contribution to the HFF via core polarisation {H_) which partially
cancels the negative term induced by the iron moments. H, will now be shown to make
a similar contribution to Hvy in the other Y-Fe compounds.
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2. Crystal structures

The compounds YFe, and Y Fe,; are cubic while YFe; is rhombohedral and Y,Fe,
either hexagonal or rhombohedral. A review is given by Buschow (1977). There is only
one Ysitein YFe,, Y Fe,sand rhombohedral Y,Fe;; but twositesin YFe;and hexagonal
Y,Fe ;. There are two inequivalent Fe sites in YFe,, three in YFe, and four in Y¢Fe,;
and Y,Fe,s. The various Fe sites have different magnetic moments leading to a broad
distribution of HFF so *’Fe NMR has only been reported in YFe, although Mdssbauer
spectra have been analysed for all compounds (Gubbens et al 1974).

3. Magnetisation

The average moment per iron atom in the Y-Fe compounds, deduced from bulk mag-
netisation measurements by assuming that the Y moment is zero, is shown in table 1.
The increase in the average Fe moment if it is assumed that the Y site carries a moment
of —0.4 ug in all of the compounds is also shown. The computational evidence for such
amoment, and the only neutron scattering data available, will now be reviewed for each
of the Y-Fe compounds.

The earliest calculation for YFe, (Cyrot and Lavagna 1979) assumed that the Y
moment was zero and used the tight-binding approximation (TBa) and the Stoner model
to calculate up, = 1.48 ug. Yamada er a/ (1984) also used the TBA but, allowing both
species to carry a moment, found py = —0.29 ug and g, = 1.58 ug. Mohn and Schwarz
(1985) made a first-principles calculation using the local-spin-density (LsD) method from
which they deduced the lattice constant and bulk modulus and showed that the ground
state was magnetic with uy = —0.45 pg and pg, = 1.66 g giving anet moment of 2.87 ug
per formula unit in agreement with the experimental value of 2.90 ug.

The calculation for YFe, by Mohn and Schwarz (1985) remains the only true first-
principles calculation for the Y-Fe compounds but Malozemoff e al (1983) applied the
LsD method to YFe; on a CusAu cubic lattice rather than the actual rhombohedral
structure. The calculated moment per formulaunit was1.65 ug, inrather poor agreement
with the experimental value of 1.2 ug, but again showed a Y moment of uy = —0.23 ug
with ug, = 2.27 ug. Inoue and Shimizu (1985) calculated values for each Fe site in YFe;
using the TBA and obtained iron moments in the range (1.59-1.67)up assuming that
uy = 0.

With the same assumption Inoue and Shimizu (1985) calculated that ur, was in the
range (1.68-2.19)uy for the four Fe sites in Y¢Fe,; in good agreement with the neutron
scattering data of Hardman ez al (1981). However, the neutron scattering data also gave
Uy approximately equal to —0.4 ygp.

Inoue and Shimizu (1985) found Fe moments in the range (1.55-2.31)up for Y,Fe;
while Szpunar et al (1987) found rather larger moments ((2.09-2.45)up) from a TBA
calculation not involving uy. However, a similar calculation for Y,Co,; (Szpunar 1985)
showed the two Y sites in the hexagonal phase to have values of uy of —0.22 ug and
~0.17 ug.

In summary then, all calculations for Y-Fe compounds that have not arbitrarily set
uy = 0 give uy = —0.4 ug, a conclusion that is also supported by the neutron scattering
data on Y¢F,; (Hardman et al 1981). Furthermore the moment of dilute Y in Fe was
found to be = —0.2 g in a first-principles calculation by Akai ez a/ (1985) so it appears
that u is never equal to zero in an iron host. We therefore propose to model the Y-Fe
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Table 1. The magnetisation per unit volume and forced magnetostriction of Y-Fe compounds
at 4.2 K. The calculated value of the average Fe moment assuming that the Y moment is (a)

zero or (b) —0.4 ug is also shown.

Ure (48)
uod (Tm™%) (a) (b) alnV/eB(107°T )
Y,Fey; 1.29 1.935 1.98 43+ 4
YeFeos 1.14 1.87 1.97 16.7 0.8

YFe, 0.677 1.45

1.65 4.48 £0.22

Table 2. The value of the #Y hyperfine frequency vy and hyperfine field (Hy) and their
pressure dependence and the pressure dependence of the magnetisation per unit mass,
calculated from table 1, for Y-Fe compounds. The computed value of 9 In Hy/8 P for YFe,

and that derived for the other com

pounds using equation (5) is also indicated.

(9 In Hy/aP) (10" kbar™")

d1lnoy/oP

vy (MHz) Hy (kG) (10"*kbar™") Experiment Calculated
Y,Fe,s 42.60% —204§ — ~17.4 % 1.0§ —_

42.59% —204 —41.6 —-13.8+0.2 —-26
Y Fey 39,05 -187 ~18.5 ~11.6 £ 0.6 -22
YFe; I 38.665 ~185 2.1=03 2.4

—14|
II 48.150 —231 1.5+0.3 0.8

YFe, 45.945 ~220 -8.4 6.7+03 6.63¢

+ First sample: rhombohedral and hexagonal phases.

1 Second sample: rhombohedral phase.
§ Main line.

| Interpolated from measurements on Y ¢Fe,; and YFe,.

{1 Dumelow er al (1986).

series with yy = —0.4 ui when we consider the HFFin § 5.2, since calculations of the HFF

exist only for YFe, (Dumelow et al 1986).

4. Experimental details

4.1. Forced volume magnetostriction

The pressure dependence of the magnetisation per unit mass (o) of a ferromagnet may
be calculated from the forced magnetostriction using the thermodynamic relation

91n0/oP = (—40mw/ueD)d In V/B 1)

where P is in kbar and uy/ the magnetisation per unit volume (note that 3 In /9P =
8 In 0/9P + k7 where k7 is the isothermal compressibility).
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The change of volume AV of a polycrystalline sample may be found from measure-
ments of the length / parallel and perpendicular to the field,

AV/V =2(AL, JI) + Al

provided the crystallites of the material are randomised. This does not seem to be a
problem with cubic materials (YFe,, Y¢Fe,;) butitis a source of uncertainty in the result
for Y,Fe,.

Polycrystalline discs of diameter S mm and thickness 1 mm were spark machined
from ingots of YFe, and Y(Fe,;. The ingot of Y,Fe;; was smaller and the disc had
dimensions 3 X 0.8 mm?. The magnetic field was applied in the plane of the disc and the
change in length parallel and perpendicular to the field measured using a capacitance
cell and a transformer ratio bridge. All experiments were made at 4.2 K in fields up to
12 T. The change in length of YFe, and YFe,; was linear in the field between 2 T and
12 T and showed no hysteresis. The Y,Fe,; sample, however, showed some hysteresis
even at 12 T due to its higher magnetocrystalline anisotropy—the value of 4 In V/6 B
therefore has a larger error than for the other two compounds. The values of 8 In V/4 B,
from measurements in the range 2-12 T, are shown in table 1 and derived values of
d1n /3 Pin table 2.

4.2. Hypetfine fields

The ¥Y NMR spectra of the Y-Fe compounds were measured at4.2 K using an automated
spin-echo spectrometer (Dumelow and Riedi 1987a). The Fe NMR has already been
reported for YFe, (Dumelow et al 1986). The high-pressure measurements were made
in a Be—Cu cell that was pressurised at room temperature and then locked. The pressure
at 42K was measured using a semiconductor transducer provided by Unipress
(Warsaw).

The distributions of Y HFF are shown in figure 1, the pressure dependence of the
HFF in figure 2 and the values of Hy and 8 In Hy/d Pin table 2. Two results are shown for
Y,Fe,,. The first sample, Y,Fe;; (I), showed a broad distribution of HFF, whose shape
changed under pressure (figure 3), and x-ray analysis showed both hexagonal and
rhombohedral lines. The second sample, Y,Fe,, (II), was cut from the same ingot as the
disc used for the forced magnetostriction measurements.

Other than for YFe, the NMR lines in the Y-Fe compounds are asymmetric (see
figure 1). The lines are, however, sufficiently sharp for the small shifts of frequency with
pressure up to 7 kbar to be resolved. The origin of the asymmetry is presumably related
to defect sites or a second phase because it is observed even in the cubic compound
Y Fe,;. In Y,Fe,; (1) a single peak is observed in agreement with the single Y site in the
rhombohedral phase. In Y, Fe,; (I) the partially resolved double peak may arise from
the hexagonal phase. The main line in Y,Fey; (I) has almost the same pressure depen-
dence (table 2) as that of Y,Fe,, (IT) but if the broad peak near 44 MHz at atmospheric
pressure corresponds to that near 41.5 MHz at 6.8 kbar (figure 3) then for this line
dIln H/3P = —8 x 1073 kbar ™!, i.e. is some five times greater than the main line. It has
been proposed that the large pressure dependence of the Curie point in Y,Fe,; arises
because the moments on the Fe atoms in the dumb-bell sites decrease rapidly with
decreasing separation so it is quite plausible that the HFF at the two Y sites in hexagonal
Y,Fe,; should have quite different values of 8 In Hy/d P; the value = —8 x 1073 kbar™!
is still a factor of four smaller than the value for § In T,/a P (Givord et al 1971, Riedi et
al 1985).



3991

Magnetic moments in Y-Fe compounds

-9duwres

(1) Y247 A 21 w1 sppay ougadAy £, Jo uonng
-LsIp 9} Jo douspuadop ainssaxd oy, °¢ dandig

2IN1ONAS [BIPOY
~oquIoyt 1] g ] dpdures 10 STL9,JC X 10 anjea
YL Y ¢ ¥ e spunodwod o4—X Jo p[oy suyradLy
Ags 2U1 Jo souopuadop amssaxd ayj, -z aandiy

(ZHW) A (J0GgY) 4
97 144 07 8 9 v z
o J
tagy
{o-
oGy g9
— — S g
[
a9 17-
gy 6y
o 1 2
I — o g
A\ -5
<
&
Jogy L T
— - a4 - 0
S
-\I\D v ]
—
D\D\ \
Laydsouryy " an_kq iz
v
a1nssaLg

*2IN1ONNS [RIPAYOqUIOYT
oyl pey (I1) “og¢X -soseyd [eipsyoquioyl pue
euodexay yjoq paureluod (1) L'o44 X opdwes ayy,
M7y 18 spunodwiod 94—x W sp[ay sugradAy
Ag JO UONNQLUSIp pasifewiIou 94, *f 2an3ig

{ZHW) ~
8% 7 07

(11 “agix

(1) Hagln

ZAN

RCETN

Lagp




3992 J G M Armitage et al
5. Discussion

5.1. Magnetisation

The pressure dependence of the magnetisation per unit mass of YFe,, Y¢Fey; and
Y,Fe,; is shown in table 2. The computed value (Armitage et al 1986) of d In o/aP
for YFe, (—13.2 x 10~*kbar ') is in reasonable agreement with the experimental value
when it is considered that it represents the small difference between two values of the
magnetisation computed from first principles at different volumes. The agreement for
d1n 0/4P is in fact as good for YFe, as it is for iron and nickel (Armitage ef al 1986).
According to the computer calculations the magnitudes of both yy and ug, decrease
under pressure in YFe,. The contribution of uy is not very important in the evaluation
of the magnetisation, because 2ug, == —7 iy, but will be seenin § 5.2 to be crucial to the
understanding of the Y HFF.

Thge magnetisation of all three compounds is seen in table 2 to decrease under
pressure as expected for band ferromagnetism and the magnitude of 4 In /4 P increases
with the Fe content of the compound. The increasing volume sensitivity of the mag-
netisation of the Y-Fe compounds with Fe content is in agreement with earlier work on
the pressure dependence of the Curie point 7.: 8 In T,/ P changes from small and
positive to large and negative as the Fe content increases (Givord et al 1971). The
surprisingly low Curie point of Y,Fe;; (=311K) and the large value of 9 In 7,/dP
(= —3.4 x 1072 kbar™!) have been attributed by Gubbens et al (1974) to pairs of Fe
atoms that are so close together that their interaction is almost antiferromagnetic. Mohn
and Wohlforth (1987), however, used a band model to calculate T, for all the Y-Fe
compounds, yielding valuesin good agreement with experiment inall cases. Itisnot clear
at present, therefore, if local interactions need to be included for a full understanding of
the magnetisation of the Y-Fe compounds.

5.2. Hyperfine fields

The values of the ¥Y HFF for the Y-Fe compounds, and the pressure dependence of the
HFF, are shown in table 2. It will be seen that there is no simple relationship between the
HFF and the mean iron moment of a given compound (table 1). Indeed the value of the
Y HFF changes remarkably little from its value (—250 kG) as a dilute impurity in iron
(Akai et al 1985). The pressure coefficient of the Y HFF, however, is strongly dependent
on the composition of the compound. The values of 4 In ¢/d P for the Y~Fe compounds
are all negative (table 1) and 9 In H./dP is also negative in YFe,, the only Y-Fe
compound for which a value has been published (Dumelow et al 1986). The value of
8 In Hy/d P, however, is positive for YFe, and YFe; but decreases with increasing Fe
content so that it is negative for Y¢Fe,; and Y,Fey;.

Riedi and Webber (1983) pointed out that if Hy arises from a Rudermann—Kittel
polarisation of the conduction electrons then § In Hy/dP ~ 4 In 0/3P. At that time it
was thought, from indirect measurements, that d In /3 P was positive for YFe, and zero
for Y,Fe,; (Buschow et al 1977) so conduction electron polarisation appeared to be a
reasonable mechanism for the Y HFF in YFe, but not Y,Fe,,; (Riedi et a/ 1985). Now that
dIn o/aP is known to be negative for all the Y~Fe compounds, it is clear that the
Rudermann-Kittel interaction cannot be applied to any of these compounds.
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The computer calculations of the HFF of YFe, (Dumelow et al 1986) show that Hg,
arises from core polarisation via the contact interaction and that 8 In Hg,./d P is negative
in agreement with experiment. At the Y site there are two important contributions,

HY=HC+HV=ACHY+AVU (2)

where H. is due to core polarisation from uv, H, is the contribution of valence electrons
and A.and A, are hyperfine coupling constants. In YFe, the values of H. and H, are +60
and —280 kG respectively, so H, is the dominant term in Hy. Hoewever, using the
primed notation Hy to represent values of YFe,, the computer calculations show that

9HY/oP ~3H! /3P 9H! /3P = 0. (3)

Increasing the pressure lowers the magnitude of both uy and ug. in YFe,. The values of
H | therefore becomes less positive, but the decrease in ¢ with pressure is balanced in
YFe, by the volume dependence of A, leaving H, unchanged.

Itis difficult to perform first-principles calculations of the Y HFF for Y-Fe compounds
apart from YFe, because of the greater complexity of their unit cells. A simple model
will, however, demonstrate that all the results shown in table 2 are in agreement with a
moment on the Y site which induces a positive HFF at the nucleus. We assume that py
may be written in the form f(#)o and that 4 In f/d P and the pressure dependence of the
hyperfine coupling constants may be taken as constant across the series, i.e.

dlnA./oP=3InA./oP olnA,/oP=091InA./dP (4)

Then using equations (2)-(4) an expression for 8 In Hy/d P, with no adjustable par-
ameters, may be written:

dInHy/oP=(H. /H)(HY/Hy)3InH{ /0P +d1no/3P —dlno'/oP. ®)

The value of H_has been calculated to be +60 kG for Y in YFe, and +50 kG as a dilute
impurity in Fe (Akai et al 1985). It will therefore be assumed that H, remains constant
across the series of Y-Fe compounds.

The values of 3 In Hy/a P found from equation (5) are shown in table 2. It will be
seen that the equation correctly predicts the trend from positive to negative values for
3 In Hy/3 P on going from YFe, to Y,Fe; and even gives the pressure dependence at
the two sites in YFe; correctly. Equation (5) must of course be an oversimplification.
For example, no allowance has been made for the variation of the iron moment with
lattice site or the fact that 9 In ug./3 P is expected to depend on the site. Nonetheless the
above analysis demonstrates that a model that includes a pressure sensitive contribution
to the HFF arising from a moment on the Y site may be applied to all the Y-~Fe compounds.

6. Conclusion

Computer calculations for dilute impurities in iron (Akai ef al 1985) have shown that a
magnetic moment exists for many impurities (e.g. Y and Nb) that have traditionally
been considered asnon-magnetic. Similarly, first-principles calculations for YFe, (Mohn
and Schwarz 1985) show a moment of = —0.4 ug at the Y site. Hyperfine-field measure-
ments as a function of pressure have been shown to provide evidence for a moment at
the Y site of more complicated iron-based intermetallics for which a full computational
treatment is not possible. Very similar results have been obtained for the hyperfine field
of Nb in ZrFe, where a moment of = —0.7 ug has been estimated to exist at the Nb site
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(Dumelow and Riedi 1987b). It is therefore not permissible to consider yttrium to be a
simple magnetic dilutant in R, _ .Y _Fe, compounds.
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