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Extraordinary magnetization behavior of single crystalline TbFe4.4Al7.6

N. P. Duong,* E. Brück, P. E. Brommer, A. de Visser, F. R. de Boer, and K. H. J. Buschow
Van der Waals-Zeeman Institute, University of Amsterdam, 1018 XE Amsterdam, The Netherlands

~Received 31 July 2001; published 19 December 2001!

We report the observation of a field-induced transformation from the easy-plane antiferromagnetic structure
to the easy-axis ferrimagnetic structure in a single crystal of TbFe4.4Al7.6 ~tetragonal ThMn12 structure! at 5 K.
Such a field-induced, irreversible transition has been identified. This transition is accompanied by a giant
orthorhombic distortion:«aa52«bb'3.531024 that is associated with a magnetic hardness (m0HC'3 T)
that is unprecedented in this category of materials.
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et

om

e
6

-

t
la

e
c

d
th

e
te
ce
in

ul
ta

s
tiza-
of

re-
rys-
-
ns
at
the
ty.
iva-

etic

or.
ons

lds
ys-
he
long
In a previous investigation, we have studied the magn
properties of a single crystal of TbFe4.4Al7.6.1 This com-
pound belongs to the large class of ternary rare-earth c
pounds with the tetragonal ThMn12 structure.2 When mea-
sured with the field applied along thec direction, the
magnetization is comparatively low. It slightly increases b
low about 50 K, and there is a shallow maximum around 1
K. From results of neutron diffraction and Mo¨ssbauer spec
troscopy performed on similar ThMn12-type compounds, it
can be inferred that these temperatures mark the onse
magnetic ordering of the Fe sublattice and rare-earth sub
tice, respectively.2–5 When the field is applied along th
@100# direction in the basal plane, the magnetization is mu
larger and its temperature dependence is characterize
pronounced thermal-history effects. Measurements of
magnetic isotherms at various temperatures show these
fects to be due to the occurrence of coercivities that are
tremely large at low temperatures but decrease at higher
peratures. These coercivities develop after a field-indu
transition, the easy direction of the net magnetization be
along the@100# direction.

Surprisingly, a strong hysteresis is observed perpendic
to the uniaxial direction of the underlying tetragonal crys
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structure.1 It is well known from many studies of variou
types of rare-earth-based permanent magnets that magne
tion reversal in negative fields is prevented by pinning
Bloch walls or by features preventing the nucleation of
versed domains. The prerequisite for this behavior is a c
tal structure with uniaxial symmetry~hexagonal or tetrago
nal! and a strong magnetocrystalline anisotropy that alig
the magnetization in the uniaxial direction. Materials th
have their easy magnetization direction perpendicular to
uniaxialy direction are known not to sustain any coercivi
In tetragonal materials, this occurs because of the equ
lence of thea or @100# direction and theb or @010# direction:
one may imagine that the wall energy for Bloch walls~par-
allel to the easy plane! is rather low.

In the present investigation we have studied the magn
properties of the same TbFe4.4Al7.6 single crystal in more
detail in order to trace the origin of this unusual behavi
For the magnetic properties and the preparatory conditi
we refer to the earlier publication.1

The anisotropic properties were studied in magnetic fie
up to 9 T, applied along various directions of the single cr
tal, in an Oxford Instruments Maglab magnetometer. T
field dependence of the magnetization at 5 K measured a
f
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FIG. 1. Field dependence o
the magnetization at 5 K mea-
sured on a single crystal of the ap
proximate formula composition
TbFe4.4Al7.6 with the field applied
in the @100#, @110#, and @001# di-
rection. The inset shows the fiel
dependence in the@010# direction
after the crystal had been magn
tized in a field of 9 T in the@100#
direction and the field has subse
quently been reduced to zero.
©2001 The American Physical Society08-1
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thec direction~@001#! is shown in Fig. 1. The magnetizatio
remains low and shows no hysteresis. Under the assump
that the Tb moments are more or less confined to the e
plane, this magnetization is mostly due to the Fe mome
under the influence of the applied field and the molecu
field exerted by the Tb moments. A completely different b
havior emerges, however, when the measurements are
formed in a direction perpendicular to thec axis. It can be
seen in Fig. 1 that, at a critical fieldm0Hcr@100#54.2 T, the
virgin magnetization curve displays a field-induced transit
to a state with a large net magnetic moment. When decr
ing the field strength after reaching 9 T, this magnetic m
ment is retained even for negative fields. Such an extrem
strong magnetic hysteresis and the concomitant high coe
ity are generally encountered in permanent-magnet mater
However, unlike in permanent magnets, the virgin magn
zation curve falls mainly outside the hysteresis loop in
present material. A similar behavior, although much less p
nounced, has been observed recently in a DyFe4Al8 single
crystal.5

We interpret this field-induced transition in the@100# iso-
therm in Fig. 1 as breaking of the antiferromagnetic orde
both the Tb sublattice and the Fe one. This leads to a fe
magnetic state with antiparallel Tb and Fe sublattice m
ments, a ferrimagnetic state that has been observed by p
der neutron diffraction to be present already in zero field
the RFe5Al7 compounds which have slightly higher F
concentration.6 Once magnetized in thea direction with an
applied field larger than the critical field, the single crys
behaves like a small permanent magnet with a remanent
ment equal toMr(@100#)53.20mB /f.u. This is more clearly
seen in Fig. 2 where we show the remanence in zero fiel
a function of the measuring direction in the basal plane. N
that the magnetization is zero in theb direction, showing that
the a ~@100#! andb ~@010#! directions are no longer equiva
lent in this originally tetragonal compound.

Revealing in this respect is also the magnetization beh
ior shown in Fig. 1, with the field applied in the@110# direc-
tion. The results shown in Fig. 1 are consistent with
following picture: in a field higher than, say, 7 T the mater
is forced into the ferrimagnetic state described above, pa
tioned in domains in which either thea direction or the
~original! b direction is the easy direction probably in equ
portions. Moreover, if we assume that the in-plane anis
ropy is very large~in line with the permanent-magnet-lik
behavior mentioned above!, the ~zero field! remanent mo-
ment observed in the@110# direction should be abou
Mr @100# /&52.26mB /f.u., in fair agreement with the result
shown in Fig. 1.

In this connection, it is interesting to investigate the fie
dependence of the magnetization with the field applied in
b direction, after the crystal has been fully magnetized in
a direction. Preliminary results are shown in the inset of F
1. Initially, the magnetization increases only very modes
with increasing field strength, suggesting an in-plane mag
tocrystalline anisotropy of substantial magnitude. The slo
is about twice that of the measurement in thec direction, so
the in-plane anisotropy is much smaller than that for thc
direction. In fact, now the net magnetic moment along thb
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direction probably consists of a positive Tb contribution o
posite to the Fe contribution. For a value of the field alongb
somewhere between 3 and 4 T, a jumplike increase of
magnetization occurs, up to values similar to those obtai
in the a direction when originally magnetizing the crystal
the latter direction. It is also seen that a remanence
3.2mB /f.u. has been attained, now alongb. This means that
the relative role played by thea ~b! directions can be
changed by applying a field larger than about 3 T along thb
~a! directions.

One can summarize the results described above as
lows: Before magnetizing the crystal, both in-plane^100&
directions are equivalent. But after magnetizing the crysta
a field larger thanBcr@100# along one of these directions, th
direction has become a magnetic easy axis. This sugg
that the field-induced transition not only breaks the antif
romagnetism of theR- and Fe sublattices, but simultaneous
breaks the symmetry of the crystal lattice. Magnetostrict
measurements to be reported below show that this is
case, indeed.

The magnetostriction was measured with applied fie
along thea @100# direction. The top panel of Fig. 3 shows th
relative length changeD l / l of the single crystal measure
along thea direction, and the bottom panel shows the resu
along theb @010# direction. The bottom part of Fig. 3 is
almost a mirror image of the top part. This means that
relation «aa52«bb holds during the whole magnetizatio
process. Notice that other deformation modes~such as, e.g.,
«cc , in the present case equal to the induced volume mag
tostriction by virtue of the experimental result«aa1«bb50!

FIG. 2. Dependence of the remanence at 5 K measured in
field in various directions in the basal plane on a single crysta
the approximate formula composition TbFe4.4Al7.6 after the crystal
had been magnetized in a field of 9 T in the@100# direction and the
field has subsequently been reduced to zero.
8-2



ns

i
g

tiv

es
b
E
u

io
th
ra
i
u

ion
em
ng
v
th
ic

th
s

3,
on
ind
ve,

for

all

ag-
e
7 T
eti-
ure
ing

ts

g.
to-
eed
of

1.
to

t
-

y
e.
ome
,
it
are

ata.
e
tiga-
th
om-
t-

ials
the
-
il-
the
in

ea

RAPID COMMUNICATIONS

EXTRAORDINARY MAGNETIZATION BEHAVIOR OF . . . PHYSICAL REVIEW B 65 020408~R!
cannot be determined in this setup. The field-induced tra
tion leads to a pronounced increase in length, up to«aa
2«bb'700 ppm, of the same order of magnitude as found
some~Tb, Fe! compounds, although still not quite reachin
the values found in, e.g., terfenol, a giant-magnetostric
material based on the compound TbFe2 . Comparing with the
loop behavior shown in Fig. 1, one sees that the hyster
loop in the magnetostriction measurement is considera
broader than that in the magnetization measurements.
dently, the magnetization processes in these two meas
ments are different. Experimentally, in the magnetizat
measurement configuration, it is well possible to orient
single-crystal sample precisely, and to check this by x-
Laue pictures. In the magnetostriction cell, however, it
difficult to ascertain the orientation better than within abo
0.1 rad. It is remarkable that such a tiny misorientat
would have such a big influence. We return to this probl
below. Nevertheless, it is apparent that the increase in le
is lost during the magnetization reversal, but is fully reco
ered after completion of this process. The results show
the lattice is transformed from tetragonal to orthorhomb
and that the deformation is irreversible after a threshold~or
transition! is passed. The elongated direction becomes
in-plane easy direction. Thec direction, of course, remain
‘‘the’’ hard direction.

FIG. 3. Field dependence of the magnetostriction at 5 K m
sured~a! in the @100# direction and~b! in the @010# direction on a
single crystal of the approximate formula composition TbFe4.4Al7.6

with the field applied along the@100# direction.
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In principle, magnetostriction data, as shown in Fig.
offer an excellent opportunity to obtain detailed informati
on the magnetization reversal mechanism. Bearing in m
the differences in experimental accuracy mentioned abo
we will now compare the magnetization loop obtained
the field in the@100# direction ~solid line in Fig. 1! and the
magnetostriction loop shown in Fig. 3~a!, i.e., «aa2«bb ~see
above!, presumably to be correlated with the average over
domains^Ma

22Mb
2&. Initially, the ‘‘virgin’’ magnetostriction

curve may well show this quadratic dependence on the m
netization. The fact that the ‘‘jump’’ does not show up in th
magnetostriction and that saturation is reached at about
can presumably be ascribed to the misorientation. Magn
zation reversal sets in for negative fields of about 2 T. Fig
3~a! shows that this is accompanied by a steadily grow
decrease inD l . Since magnetic domains of the type@100↑#
~M along the positivea axis! and their reversed counterpar
@100↓# ~M along the negativea axis! have both the same
positiveD l value@see the extreme right and left parts of Fi
3~a!# this means that—at least for the misoriented magne
striction sample—magnetization reversal does not proc
by means of@100↓# domains growing at the expense
@100↑# domains. The steadily growing decrease inD l there-
fore requires the presence of an increasing volume ofb do-
mains, i.e., domains of the type@010→# and/or @010←#, at
the expense of@100↑# domains. The contribution of theb
domains to the magnetization measured alonga is small, but
not negligible, as can be read off from the inset in Fig.
Since the magnetostriction presumably is proportional
(MTb,@100#

2 2MTb,@010#
2 ), the contribution of theb domains is

almost opposite to that of thea domains. In fact, the poin
whereD l passes through zero in Fig. 3~a! can be character
ized as consisting of almost equal amounts ofa and b do-
mains. WhenD l becomes negative, theb-domain volume
does exceed thea-domain volume.D l reaches only 25% of
its maximum negative value, so there must bea domains in
this situation. Without further modeling, it is hard to sa
whether reversal to@100↓# domains has already taken plac
Nevertheless, when the magnetostriction goes on to bec
more positive again, these@100↓# domains must be formed
in competition with theb domains. From the inset of Fig. 1
can be derived that the fields required for this process
larger than 3 T, in agreement with the magnetostriction d

Finally we wish to discuss briefly a possible origin of th
magnetoelastic phenomena observed in the present inves
tion. It is well known that magnetically ordered rare-ear
compounds can give rise to strong magnetoelastic phen
ena. A well-known example is terfenol, a gian
magnetostrictive material based on the compound TbFe2 . As
discussed in much detail by Morin and Schmitt,7 a substan-
tial part of the magnetostriction in rare-earth-based mater
is due to the direct coupling between the deformation of
lattice and the aspherical 4f -charge cloud. This can conve
niently be described by a single-ion magnetoelastic Ham
tonian which can be considered as the strain derivative of
crystal-field Hamiltonian for the present symmetry. The ma
term in the latter Hamiltonian takes the form5

Hl52)"Bl«2
lO2

2,

-
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where Bl is the magnetoelastic coefficient and where
appropriate strain component in the basal plane can be
pressed as«2

l5 1
2&"(«aa2«bb). The temperature depe

dence of the magnetoelastic effects is determined by the
mal averagêO2

2& of the Stevens operator.7 It can be shown
that^O2

2& falls off with temperature asmTb
3 , wheremTb is the

reduced terbium-sublattice momentMTb(T)/MTb(0).8 We
l
.

ys
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discussed above that the magnetic hardness, as embodie
the coercivityHC , is intimately related to the occurrence o
the orthorhombic distortion. Unfortunately, no experimen
data are available forMTb(T), but the presently determine
large magnetoelastic effects and their expected strong t
perature dependence offer a convenient explanation for
rapid decrease ofHC with temperature reported previously1
. H.

.

*Corresponding author. Email address: pdnguyen@wins.uva.n
1N. P. Duong, I. H. Hagmusa, E. Bru¨ck, F. R. de Boer, and K. H

J. Buschow, J. Alloys Compd.313, 21 ~2000!.
2H.-S. Li and J. M. D. Coey, inHandbook of Magnetic Materials,

edited by K. H. J. Buschow~North-Holland, Amsterdam, 1991!,
Vol. 6, pp. 3–83.

3K. H. J. Buschow and A. M. van der Kraan, J. Phys. F: Met. Ph
8, 921 ~1978!.

4J. C. Waerenborgh, P. Salamakha, O. Sologub, A. P. Gonc¸alves, S.
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