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Random Fields and Random Anisotropies in the Mixed Ising-XY Magnet FexCo12xTiO3
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We report a synchrotron x-ray scattering study of the phase transitions in the mixed Ising-XYmagnets
with quenched randomness: FexCo12xTiO3 as a function ofx and, in the Ising regime, as a function
of magnetic field. We observe at high resolution the loss of Ising order due either to the applied field
on field cooling or to the ordering of theXY component after initial establishment of the Ising order on
cooling. The latter is difficult to understand within our current picture of the random field Ising model.
The XY phase has only short-range order due to random anisotropy effects. [S0031-9007(96)02155-2]

PACS numbers: 75.30.Kz, 75.40.Cx, 75.50.Lk, 78.70.Ck
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In random magnets with competing interactions
fields, the two most basic questions are whether
not there exists a transition out of the high-temperat
paramagnetic phase, and if there is a transition, whe
it is to a state of conventional magnetic order or to
low-temperature disordered phase not present in unifo
magnets [1]. A prototypical disordered system whi
has been the subject of much study, but where
above questions remain largely unanswered, is a mi
antiferromagnet with competing Ising andXYanisotropies
[2–4]. In this case, both random anisotropy [5] an
random field effects [6] are believed to be importa
Further, as we shall show here, magnetoelastic effects
play an important role. By applying a magnetic field
the Ising phase, one may study the effects of extern
generated random fields. Such mixed Ising-XY magnets
thus represent a rich system for studies of the effects
random fields and random anisotropies.

In this note we report a high resolution synchrotro
x-ray scattering study of the mixed Ising-XYmagnetic sys-
tem—FexCo12xTiO3 both in zero field and in an applied
field. Both FeTiO3 and CoTiO3 have the same hexago
nal structure [7], with the magnetic interactions betwe
the neighboring Fe21 sCo21d spins being ferromagnetic
within thea-b planes, and antiferromagnetic between ad
centa-b planes [8]. Because of single ion anisotropy an
or anisotropic exchange, the easy axis of the Fe21 spin (ef-
fective spinSFe ­ 1) is along thec axis skd, while that of
Co21 sSCo ­

1
2 d is in the a-b planes'd. The Fe21 and

Co21 spins thus have Ising andXYcharacters, respectively
Therefore, similar to FexCo12xCl2 [2] and FexCo12xBr2

[3], this binary solid solution exhibits a tetracritical-lik
phase diagram with Ising,XY, and mixed phases. As em
phasized by Wonget al. [2], there also exist random diago
nal and off-diagonal coupling terms of the formSlsidSms jd
fl, m ­ x, ys'd or zskdg, which serve to generate rando
anisotropy and random field effects. Finally, in these s
tems there may be strong magnetoelastic coupling.
0031-9007y97y78(2)y346(4)$10.00
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The phase behavior in FexCo12xTiO3 is thus the re-
sult of the collective effects of both fixed and rando
anisotropies and magnetoelastic coupling. This yield
rich phase diagram in the concentrationsxd versus tem-
peraturesT d plane. Figure 1 is the phase diagram fro
Ref. [4] revised with the main results from this stud
The low-temperature phase at low Fe21 concentration
(the area bounded by lineAB and BD) is found to lack
long-range order (LRO); instead, it is a$S' domain state;
the line AB that separates the two disordered phase
paramagnet and$S' domain state—is an unusualcritical
line in the sense that the correlation length diverges
the line and yet there is no transition to LRO involved

FIG. 1. The magnetic phase diagram of the crystalline bin
compound FexCo12xTiO3 in the concentrationsxd versus
temperaturesT d plane (from Ref. [4] revised with the main
results from this work). The vertical dashed lines correspo
to the actual concentrations studied.
© 1997 The American Physical Society
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this phase change.BC corresponds to a line of three
dimensional (3D) random exchange Ising transitions
LRO. With application of a field, Fe0.75Co0.25TiO3 ex-
hibits prototypical 3D random field Ising model (RFIM
behavior as observed previously in diluted antiferrom
nets (as opposed to mixed magnets) in a magnetic fi
[6]. We observe in addition for thex ­ 0.75 sample a
new magnetoelastic effect in which a uniform field i
duces a staggered charge density. Finally, in the mi
phase region, with decreasing temperature, Ising LRO
first established and then at lower temperatures whenXY
ordering occurs the Ising LRO is destroyed, that is,
Ising order is reentrant. The latter is difficult to unde
stand within our current picture of the RFIM [6].

The experiments were carried out on the MIT-IB
beamline X20A at the National Synchrotron Light Sour
(NSLS) at Brookhaven National Laboratory. The wh
x-ray beam from the bending magnet was focused b
mirror and monochromatized by a pair of single boun
Ge(111) crystals together with a Ge(111) analyzer. T
incident wavelength was set atl ­ 1.305 Å. Excellent
quality single crystals of FexCo12xTiO3 (x ­ 0.35, 0.65,
and 0.75), grown by the floating-zone method, w
typical mosaicities of 0.05± were used in the experimen
The sublattice magnetization measurements were ca
out around the magnetic-superlattice positionss0, 0, 4.5d
ands1, 1, 1.5d. The magnetic x-ray intensities ats0, 0, 4.5d
and s1, 1, 1.5d reciprocal-lattice positions in the spin
only approximation are proportional to0.5j $S'j2 and
0.93jSkj

2 1 0.074j $S'j2, respectively.
We discuss first the behavior on the Ising side of

phase diagram. Detailed measurements were carried
on a sample of Fe0.75Co0.25TiO3 both in zero field and
for various applied fields. At zero field, a second ord
transition to LRO is observed atTN ­ 43.90s5d K. As
shown in the top panel of Fig. 2, the intensity is well d
scribed by a simple power lawI , S2

k , s1 2 TyTN d2bk

with bk ­ 0.36s3d consistent with the theoretical valu
bk ­ 0.35s1d for the 3D random exchange Ising mod
(REIM) [9]. Following the observation of Fishman an
Aharony [10], the phase behavior of Fe0.75Co0.25TiO3 in a
uniform field should fall into the universality class of th
3D RFIM. The results for the correlation length on fie
cooling (FC) are shown in the bottom panel of Fig.
One observes a characteristic Lorentzian squared pr
with a width kT which evolves continuously upon coo
ing, remaining nonzero asT ! 0, that is, the FC Ising
transition is destroyed by the random field. On the ot
hand, after cooling to low temperatures in zero field a
then applying a field (ZFC) the LRO is retained un
the sample is heated above the metastability tempera
TMsHd. As may be seen in Fig. 2 the consequent
der parameter curves are well described by the “trompe
l’oeil ” critical behavior model of Ref. [6] withbZFC ­
0.17s5d, consistent with previous results. This beha
ior overall corresponds precisely to that observed in
to
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FIG. 2. RFIM behavior in Fe0.75Co0.25TiO3 in a magnetic field.
The upper panel shows thes1, 1, 1.5d Bragg intensity after ZFC.
The solid lines forH fi 0 are the results of fits to the “trompe
l’oeil ” model of Ref. [6]. TheH ­ 0 line is the result of a
fit to a simple power law withbk ­ 0.36s3d. The inset shows
the s1, 1, 1.5d intensity for T ­ 15 K as a function of field for
x rays and neutrons. The bottom panel shows the FC inve
correlation lengthkT for varied fields.

diluted antiferromagnets FexZn12xF2 and MnxZn12xF2

thence confirming the universality of the phenome
and showing that such behavior is fundamental to
RFIM [6].

There is, however, one feature of the data
Fe0.75Co0.25TiO3 shown in Fig. 2 which differs markedly
from the behavior found in FexZn12xF2 and MnxZn12xF2

[6]. Specifically, the ZFC x-ray intensity is observed
increase asH2. To probe this further, we have repeate
the same measurements under identical conditions w
neutron scattering techniques. The neutron and x-
intensities ats1, 1, 1.5d as functions of magnetic field for
temperatureT ­ 15 K are shown in the inset of Fig. 2
the intensities are normalized at zero field. As may
seen in Fig. 2, there is no significant field dependence
the neutron intensity; this rules out any explanation of t
x-ray data based on an anomalous field-induced incre
of the staggered Ising moment.

As an alternative explanation, we consider the possib
ity that the additional x-ray intensity ats1, 1, 1.5d arises
from an induced staggered lattice modulation. In ord
347
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to contribute to the x-ray scattering intensity ats1, 1, 1.5d,
this charge density must have the same periodicity as
antiferromagnetic order. This modulation can be und
stood as originating from the coupling between the l
tice and the magnetism via a coupling term of the fo
rsMsM, in which rs is the staggered charge density,Ms

is the staggered magnetic moment, andM is the uniform
magnetization. A simple calculation yieldsrs , MsM.
The x-ray scattering intensity at the reciprocal lattice po
s1, 1, 1.5d would now include both the magnetic contr
bution IM , M2

s , and a charge scattering contributio
arising from this staggered charge density,IC , r2

s ,
sMsMd2 , M2

s H2 sinceM , H at low fields. The scat-
tering intensity ats1, 1, 1.5d is then given byI ­ IM 1

IC , M2
s 1 aM2

s H2 ­ M2
s s1 1 aH2d, which is exactly

the result displayed in the inset in Fig. 2. The discrepa
between x-ray and neutron measurements at the pos
s1, 1, 1.5d may then be attributed to the fact that for ne
trons the magnetic and nuclear scattering cross sect
are comparable, whereas for x rays, charge scatterin
intrinsically 6 orders of magnitude larger than magne
scattering. This effect should occur in many differe
magnetic systems.

We now discuss the behavior in Fe0.65Co0.35TiO3 which
shows successive Ising andXY transitions with decreas
ing temperature. We show in Fig. 3 the temperature
pendence of the integrated intensity, the peak intens
the deconvolved in-plane transverse widthkT , and the
deconvolved longitudinal widthkL of the magnetic re-
flection at the reciprocal-lattice positions1, 1, 1.5d. At a
temperatureTksx ­ 0.65d ­ 41.55s5d K, there is a sud-
den rise of the scattering intensity, indicating the onse
the ordering of the Ising magnetic componentSk. For
temperatures higher than,17 K, this magnetic reflec-
tion is resolution limited, so that this phase has LR
For T near Tksx ­ 0.65d, both the integrated and th
peak intensity are well described by a simple power la
f1 2 TyTksx ­ 0.65dg2bk with bk ­ 0.33s2d, consistent
with the theoretical result for the 3D REIM [9]. As th
sample is cooled further down to below,17 K, the mag-
netic reflection spectrum becomes broader with a c
responding decreasing peak intensity [Fig. 3(b)]. T
indicates that below,17 K, the magnetic structure is
no longer long-range ordered. The line shape of
scattering profile is consistent with a Lorentzian-squa
cross section which in three dimensions correspond
pure exponential decay. Explicit deconvolution yiel
the results for the transverse and longitudinal widthskT

and kL shown in Figs. 3(c) and 3(d), respectively. A
T ­ 10 K, the in-plane domain size of the spin comp
nent Sk is ,2, 000 Å. This breakup into magnetic do
mains is clearly driven by the$S' ordering at,17 K.
The latter is observed directly through the appearanc
measurable magnetic scattering ats0, 0, 4.5d below 17 K.
Related effects have been observed by Endohet al. [4]
using neutrons, although there are quantitative discrep
348
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FIG. 3. Summary plots for the magnetic reflections1, 1, 1.5d
for Fe0.65Co0.35TiO3: (a) The integrated intensity as a fun
tion of temperature. (b) The peak intensity as a fun
tion of temperature. (c) The transverse widthkT along the
in-plane transverse direction as a function of temperat
(d) The longitudinal widthkL along the longitudinal direc-
tion as a function of temperature. HereSs$qd , s1 1 fsqL 2

q0
LdykLg2 1 fsqT 2 q0

T dykT g2 1 fsqV 2 q0
V dykV g2d21.

cies with our results presumably because the lower res
tion neutron measurements probe the ordering over m
shorter distance scales than x rays.

Before discussing the behavior below 17 K in t
x ­ 0.65 sample, it is of value to present briefly th
results in the sample withx ­ 0.35, which exhibits
pure XY ordering. As in the samples which exhib
Ising order, one observes a sharpXY transition with
T'sx ­ 0.35d ­ 36.89s3d K and power law behavior
Is0, 0, 4.5d , j $S'j2 , f1 2 TyT'sx ­ 0.35dg2b' for the
order parameter withb' ­ 0.35s2d in quantitative agree-
ment with the theoretical resultbxy ­ 0.36 for the 3DXY
model [11]. However, there are two important differenc
in the behavior from that exhibited by the Ising sampl
First, scans at the charge positions1, 1, 0d reveal that there
is a magnetoelastically driven distortion which breaks
in-plane hexagonal symmetry and causes crystallogra
twinning. Second, the$S' magnetic order is short rang
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with the domain size, which is infinite atT', decreasing
progressively with decreasing temperature. The len
scale, however, is quite large, typically of order 5000
The structural peaks also are broadened, thus indica
that the short-range magnetic ordering causes the la
to break up into structural domains. Thus the transit
between the paramagnet and the$S'-domain state (thick
dashed lineAB in Fig. 1) is unusual in the sense that th
correlation length diverges along that line even thou
there is no low-temperature long-range ordered pha
This was implicit in Ref. [5] although these theories pr
dict algebraic rather than the observed exponential de
below T'. This apparent discrepancy may originate
the very large distance scales observed experimentally

The breakup of theXY phases into magnetic and stru
tural domains corresponds to our expectations for rand
anisotropy systems with strong magnetoelastic coupli
The most straightforward origin of the random anisotro
in FexCo12xTiO3 is the random nature of the mixture it
self. Specifically, following Ref. [2], substitution of Co21

ions with Fe21 ions reduces the local symmetry of th
crystal field acting on the Co21 ions. This in turn induces
random diagonal and off-diagonal exchange terms of
form GlmsijdSlsidSms jd in the effective spin Hamiltonian
The $S'-ordering transition thence should fall into the un
versality class of a 3DXYmagnet with random anisotrop
[5]. In the framework of the mean-field approximatio
the anisotropy field$HAsid at theith spin is proportional to
fGxxsijd 2 Gyysijdg kj $S'jl. This random anisotropy field
is zero above the transition temperatureT'sx ­ 0.35d,
but nonzero and increasing with decreasing tempera
below T'sx ­ 0.35d. This is consistent with the experi
mental findings discussed above. Random anisotropy
fects originating from strains in the near-surface regi
probed by x rays presumably will also play a role.

We now return to a discussion of the re-entrant Isi
behavior (Fig. 3) in thex ­ 0.65 sample. Both previ-
ous neutron studies on this sample and our own x-ray
sults show that theXY spin componentS' orders below
17 K. This causes a magnetoelastic distortion which
turn leads to twinning. This accounts for part of the tran
verse widthkT observed ats1, 1, 1.5d, Fig. 3(c). In addi-
tion, following the discussion given above, off-diagon
random exchange terms of the formG'ksijdS'sidSks jd
th
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will generate a random fieldH
k
j ­ G'ksijd kS'sidl act-

ing on the Ising spinSks jd. Naively, thisS'-driven ran-
dom field effect would seem to explain the destruction
the Ising LRO below 17 K shown in Fig. 3(d). Howeve
there is a serious caveat in this argument. Specifica
since the Ising LRO is well established above 17 K th
the above process corresponds to the ZFC rather than
procedure shown in Fig. 2 for thex ­ 0.75 sample in a
field. Thus if the behavior corresponds to that observ
in other RFIM systems, then the Ising random field cr
ated by the$S' ordering should not have destroyed th
Ising LRO. Apparently, therefore, the more complicate
coupled Ising-XYnature of this system obviates the simp
mean-field based analogy to the RFIM. Clearly a mo
sophisticated theory will be required to understand t
rich physics exhibited by this system.
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