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SUMMARY

In this report are presented saturation magnetization measurements on single
crystal TbFez, DyFez, Tb0_27Dy0.73Fe2 and TmFez. These compounds are strongly mag-
netic, highly magnetostrictive, and possess a wide range of cubic magnetocrystalline
anisotropy, Kl - ranging from the largest known (5 x 108 erg/cms) for TbFe2 to a
small value (<106 erg/cms) for the compensated Tb0.270y0.73Fe2 compound. From the
magnetization vs. field measurements along the principal axes, the magnetic aniso-
tropy was calculated as a function of temperature for DyFe2 and TmFez. It was dis-

covered that, even in the noncompensating compounds, the magnetoelastic contribution

to the magnetic anisotropy (AK1 =-%C44 kill) is a significant portion (~ 20%) of

the intrinsic anisotropyconstant,Kl. For the case of the compensated TbO 27Dyo 73

Fe, compound, the temperature dependence of the magnetomechanical coupling factor

was correlated to the temperature dependence of the anisotropy field.

This study was carried out in the Solid State Branch of the Radiation Division

as part of the research program on magnetostrictive materials. The research was
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MAGNETIZATION AND MAGNETIC ANISOTROPY OF TbFez, DyFez. Tb0'27Dyo‘73Fe2 and TllFe2 t

A. E. Clark, R. Abbundi and W. R. Gillmor .

ABSTRACT

Saturation magnetizations were measured on single
crystals of TbFe,, DyFe,, Fe, and TmFe,.
Over most of theztenperituzb';z:ib7§ro‘ 4 K to 300 K,
these values are substantially larger than those meas-
ured earlier on polycrystals. The intrinsic magnetic
anisotropies, K, (0)'s, as determined from magnetjc
figlds required for saturation, are huge (»5 x 10~ erg/
cm”). For these highly magnetostrictive c ds, 5he

magnetoelastic contribution to the anisotropy YLET
is a significant fraction of the total anisotrofy.

INTRODUCTION

The rare-earth-Fe, Laves phase compounds possess
the largest known cubiC anisotropies.” At low tempega-
tures, .anisotropies of DyFe, and ErFe., exceed 5 x 10
erg/cm”; at room tegperatur§, lnisotr&pies of TbFe, and
DyFe, exceed 2 x 10" erg/cm™. The RFe, compounds #&lso
possZss huge magnetostrictions, which ilso extend to
room temperature for TbFe, and SmFe,.” In this paper
we report magnetization uzasurenent on single crystals
of TbFe,, DyFe,, Tb 270Yo 73F¢, and TmFe,. From meas-
urementS along the Rir& magnetic directio%s, magnetic
anisotropy energies are calculated. In magnetostric-
tive materials, the magnetic anisotropy depends upon
the state of strain-a clamped sample possessing the
conventional intrinsic anisotropy, described e.g. by Kﬁ
a sample allowed to freely strain possessing an addi-
tional contribution 4K, arising from the magnetoelastic
energy. Even though a"large number of materials possess
relatively large magng;ostrictions, only in a few mate-
rials, e.g. Tb.Fe 0,,, AK.>K,. As part of this paper
we report the 3ag§e%¥c pr&pe%ties of Tbo Dy 2 Fe,.
This pseudobinary compound, synthesized from Rigily
magnetostrictive TbFe2 and DyFez, has the proper rare
earth ratio g compensate the total magnetic anisotropy
constant (K ) near room temperature while at the
same time m%intaining a large magnetostriction. Hence
near rogm temperature, AK, and the intrinsic c°“‘{8k“'
t{gg K individually arl large, but their sum Kl =
Kl + &Kl = 0.

MAGNETIZATION AND MAGNETIC ANISOTROPY

The magnetizations of polycrystslsTgFe , DyFe, and
TmFe, have been known for some time. °~’ easurefients
on s;ngle crysth DyFe, at low temperatures were re-
ported earlier. Becaﬁse of the huge magnetic aniso-
tropies of the RFe, compounds, magnetization measure-
ments made on polerystals using conventional lahoratory
fields do not yield the true saturation magnetic mo-
ments. Fields greater than 100 kOe are necessary to
saturate the heavy rare earth compounds TbFe2 through
TmFe,.

Single crystals of TbFez. DyFe,, Tb 2 Dyo 73Fe
and TmFe, were grown by 0. D McMn;éers By ﬁor1iontaf
zoning aﬁd Czochralski techniques.’ The magnetic mo-
ments of these crystals were measured from 4 K to above
their Curie temperatures (except for TbFe,) utilizing a
vibrating sample magnetometer. In Fig. (3-4) the mag-
netic moments measured along their respective_easy axes
are compared with the earlier values of Burzo measured
on polycrystals. In all cases, the moments of the sin-
gle crystals are substantially higher. In the heavy
RFez series, the rare earth-iron exchange energy de-

Manuscript received April 4, 1978.

t+ Supported by the Office of Naval Research § NSWC
Independent Research Funds.

* Naval Surface Weapons Center, White Oak, Silver
Spring, Maryland 20910

creases with increasing rare earthl’io!ic number approx-
imately according to [(g-1)J(J+1)]°/“." Thus for TmFe.,
with a weak R-Fe exchange, the rare earth sublattice
magnetization decreases rapidly with increasing tempera-
ture, falling below that of the iron sublattice near

235 K. For TbFe, and DyFe,, the exchange interaction is
much stronger, lZlding to iuch higher moments, anisot-
ropies and magnetostrictions at room temperature. In
Table I we list the saturation values of the moment at

0 K and 300 K, the theoretical densities and the iron
moments calculated assuming Mg = gJuy-
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crystal as a function of temperature.”
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Fig. 3 Spontaneous magnetic moment of a TuFez single

crystal as a function of temperature.
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Fig. 4 Spontaneous magnetic moment of a Tb Dyo 73Fe2

single crystal as a function of température.
TABLE I. MAGNETIC MOMENTS, THEORETICAL DENSITIES AND

CURIE TEMPERATURES OF RFez

RFe2 o (emu/gm) Pe 3 nl(,d) nge) TC

0 K* 300 K | gm/cm Fe Fe X

0K 0 K

ToFe, | 120 88 9.06 1.60 | 1.75 | 697,711%
DyFe2 140 87 9.28 1.57 | 1.60 | 635
HoFe,® | 135 64 9.44 1.65 | 1.5 | 597,6122
ErFe,C | 116 29 9.62 1.61 | 1.60 {590,597%
TnFez 74 10 9.79 1.64 1.55 | 560
* Extrapolated

Taken from polycrystal data of K. H. J. Buschow and

R. P. Van Stapele, J. de Physique 32, C1-672 (1971),

and E. Burzo, Z. Angew, Phyzik 32, 127 (1971).

N. C. Koon, unpublished.

See A. E. Clark, AIP Conf. Proc. 18, 1015 (1974).

Magnetic moment per iron atom in Bohr magnetons

calculated from single crystal data assuming n, =gJ.
R

Magnetic moment per iron atom in Bohr magnetons
determined from Mossbauer spectra. W. E. Wallace,
Prog. Rare Earth Sci. Tech. 3, 1 (1968).

For DyFe,, TmFe, and ‘l'bo z,Dy 5F°2' the magnetic
anisotropy cogsunt 1 as cnlculneés from the fields
required for magnetic saturation along the [100], [110]
and [111] directions. The anisotropy constants K, for
Dyl’e2 and TmFe, are plotted in Fig. (5). Except at the
very“low tenpegntures, the anisotropy of DyFe, is much
larger than that of TmFe,. The single-ion chory has
been successful in fittilg the temperature dependence
of the magnetostriction of §he llFez compounds as well
as the anisotropy of ErFe,.“ Here“we apply that theory
to DyFe, and TmFe,. It 13 important to realize that
even in“the non-csnpennting RFe, compounds, because of
the high magnetostrictions, AK fs not negligible.
Tgking the magnetoelastic conthbuuon to be AK =-9c
Ay,,/2 and utilizing the single crystal ngnetos!rlc-
th data published earlier, we arrive .Iothe values
shown in Table H The el,stic constant”" c 4 is taken
to be 4.87 x 10 dyngs{cn for all conpoundg. From the
measured values fﬁtx , the intrinsic anisotropy con-
stants and AK /K1 h‘e calculated. According to sin-
gle-ion theories, where J is large and the magnetically
induced levels are assumed to be nearly evenly spaced,
the expression for the anenture dependence of the
anisotropy is given by:

44

K" = k("0 Ig,0 37 ()

e 23 ool
AKI(T) = AKI(O) Is/z[i (.R(T))]'

Here the small temperature dependence of c 44 is neg-
lected. I +1 is the hyperbolic Bessel fgfction of or-
der 2+1/2 ﬁor‘ilized toone at T = 0 K; & is the in-
verse Langevin function and me is the reduced rare earth
sublattice magnetization. In Fig. (5) we show byit e
solid line the calculgted anigotropy based upon K ntco)
of 4.7 and -3.8 (x 10° erg/cm”) for Dyl-‘e2 and TnFe2
respestively.3 The values of AK, of -2.4"and -2.7
(x 10" erg/cm”) for DyFe, and TmFe, were taken from mag-
netostriction data. We gigd that 5ith one adjustable
constant ‘per compound, K (0), the fit to the data is
within 20% over the templrature range of the experiments.
For DyFe,, the Dy sublattice magnetizat}gn was taken
from M'dsgbauer spectra by Bowden et al. For TmFe,,
the sublattice magnetization was calculated from tha
total magnetization reported in this paper lesslﬁhat of
the iron sublattice inferred from Bowden et al.

TABLE II. MAGNETOELASTIC AND INTRINSIC CONTRI&UTION
TO THE MAGNETIC ANISOTROPY (ergs/cm”)

RFe, oK (300)*  Kj"t(300) 2K (300)
x1074 x1074 k" (300)
smFe, -970 ue o
Tbl"e2 -1330 -6300 @l
DyFez -350 2450 -.14
ErFez -20 -310 .06
TmFe2 -9.7 -43 .22
* Calculated from A values taken from A. E. Clark,

J. R. Cullen, O. b!lmuasters and E. R. Callen,
AIP Conf. Proc. 29, 192 (1976) and R. Abbundi and
A. E. Clark, J. Appl. Phys. 49, 1969 (1978).
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Magnetization rotation and domain wall motion can
be effected at low applied magnetic fields when the mag-
netic anisotropy is low. The maximum energy trnnsgorled

from the magnetic tg the elastic systems is 3 c,,A7,,-
] Defining f = 5 ¢ 2 /M a figure of Lrﬁ %P

A as
g magnetostrict ve‘irgkgduc%ign, we calculate for TbFez,
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Fig. 5 Anisotropy constant K, for single crystals
DyFe. and TmFe, as a %unction of temperature.
The golid curv% represents the anisotropy

calculated from single-ion theory.

The anisotropy constant K1 of Tbo 27Dy 73Fe
equals zero near room temperature. K, Temains negative
The anisotropy is DyFe,-like ([100] easy) at low tem-
peratures and TbFe -liﬁe ([111] easy) at high temper-
atures. The fieldg required for magnetic saturation a-
long the principal directions are shown in Fig. (6).

H, -H1 at 283 K where H;,,=1.5 kOe. The anisotropy
fl%ids ggop rather sharply }rom very high values at low
temperatures. On the high temperature side, the slopes
are not so steep, with the anisotrgpy conssant K
reaching a peak value of -1.5 x 10" erg/cm” at SLO K.
The rapid drop of the anisotropy constants of both
binary TbFe, and DyFe, over this temperature range ac-
counts for Zhis ratheg low peak value.
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-] Tb 27 Dy 73 Fey
° Hi00
2 *Hin

sHy0

18

H(WOe)
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Ll

200 300 400 500 600
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Fig. 6 Fields required for magnetic saturation along

the principal crystallographic directions in

single crystal Tb Dy Fe, as a function of
temperature. 0.27770.73" "2

f = 0.016; and for DyFe

binary Tb
near 283

R: 2700013

, £ = 0.015.
Eonpound. f =
), we compare

For the pseudo-
.5 wigh a peak

5/6

C,aar7q/MH to
the relative magnetomechanical couplifig ﬁcl%; k }%2
tempefgtures near anisotropy compensation (maximum k =
0.6). Note that the slightly different pseudobinary
composition (Tb 6Dy 7 Fe,) used for the magnetomechan-
ical coupling ngéiuregénes ghifts the compensating tem-
perature to a little higher temperature. On the low
temperature side of the anisotropylconpe sation, there
is a rapid roll-off in both k and Ca4}] /M 100 At
high temperature, the roll-off is ZL: :s lLver%, and in
fact for k, rather small. The major source of the mag-
netostrains and the high coupling probably arises from
domain wall motion rather than magnetization rotation.
Above the anisotropy compensation temperature, the ani-
sotropy remains low enough to prevent domain wall pin-
ning at defect sites.

o
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T 7%
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Fig. 7 Comparison of the relative magnetomechanical
ouplipg factor for Tb Dy Fe, with
c )‘91 /M (figurg'gg mgi'zé fgr magneto-
ZErféti l trghgduction) for single crystal
Tbo 27Dy0'73Fe2 as a function of temperature.
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