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Random Fields and Random Anisotropies in the Mixed IsingXY Magnet Fe,Co1—-,TiO3
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We report a synchrotron x-ray scattering study of the phase transitions in the mixeX¥mggnets
with quenched randomness: B®,_, TiO3 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 th&Y 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

In random magnets with competing interactions or The phase behavior in F€o;-,TiO; is thus the re-
fields, the two most basic questions are whether osult of the collective effects of both fixed and random
not there exists a transition out of the high-temperaturenisotropies and magnetoelastic coupling. This yields a
paramagnetic phase, and if there is a transition, whethaich phase diagram in the concentratior) versus tem-
it is to a state of conventional magnetic order or to aperature(T) plane. Figure 1 is the phase diagram from
low-temperature disordered phase not present in uniforrRef. [4] revised with the main results from this study:
magnets [1]. A prototypical disordered system whichThe low-temperature phase at low *Feconcentration
has been the subject of much study, but where théthe area bounded by lindB and BD) is found to lack
above questions remain largely unanswered, is a mixelbng-range order (LRO); instead, it isS2 domain state;
antiferromagnet with competing Ising aXd anisotropies the line AB that separates the two disordered phases—
[2—4]. In this case, both random anisotropy [5] andparamagnet an8, domain state—is an unusuatitical
random field effects [6] are believed to be important.ine in the sense that the correlation length diverges on
Further, as we shall show here, magnetoelastic effects alsge line and yet there is no transition to LRO involved in
play an important role. By applying a magnetic field in
the Ising phase, one may study the effects of externally
generated random fields. Such mixed IskKg-magnets Fe.Cor.TiO
thus represent a rich system for studies of the effects of P _e" O1-x 11 3'
random fields and random anisotropies.

In this note we report a high resolution synchrotron
x-ray scattering study of the mixed Isin¢¥ magnetic sys- 50
tem—FeCo;—, TiO; both in zero field and in an applied
field. Both FeTiQ and CoTiQ have the same hexago-
nal structure [7], with the magnetic interactions between
the neighboring F¢ (Co®™) spins being ferromagnetic
within thea-b planes, and antiferromagnetic between adja-
centa-b planes [8]. Because of single ion anisotropy and/
or anisotropic exchange, the easy axis of th&"Fapin (ef- 20 -
fective spinS¥¢ = 1) is along thec axis(||), while that of
Cot (§¢° = %) is in thea-b plane(L). The Fé* and
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Co’** spins thus have Ising anl characters, respectively. or 5 E
Therefore, similar to F&Co,—,Cl, [2] and FgCo;—,Br; : P
[3], this binary solid solution exhibits a tetracritical-like 0 o4 % 08 10
phase diagram with IsingY, and mixed phases. As em- Concentrationx '

phasized by Wonagt al. [2], there also exist random diago- ) i . .
nal and off-diagonal coupling terms of the fo§7(i) S, ( /) FIG. 1. The magnetic phase diagram of the crystalline binary

o . compound FgCo_,TiO; in the concentration(x) versus
[l,_m = x,y(1L) orz(D], which serve to generate random temperature(T) plane (from Ref. [4] revised with the main
anisotropy and random field effects. Finally, in these sysresuilts from this work). The vertical dashed lines correspond
tems there may be strong magnetoelastic coupling. to the actual concentrations studied.
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this phase changeBC corresponds to a line of three- F
dimensional (3D) random exchange Ising transitions to '
LRO. With application of a field, Rg{C0y5TiIO; ex- oo | ZFC
hibits prototypical 3D random field Ising model (RFIM)
behavior as observed previously in diluted antiferromag-
nets (as opposed to mixed magnets) in a magnetic field
[6]. We observe in addition for the = 0.75 sample a
new magnetoelastic effect in which a uniform field in-
duces a staggered charge density. Finally, in the mixed
phase region, with decreasing temperature, Ising LRO is
first established and then at lower temperatures wkén
ordering occurs the Ising LRO is destroyed, that is, the
Ising order is reentrant. The latter is difficult to under-
stand within our current picture of the RFIM [6].

The experiments were carried out on the MIT-IBM
beamline X20A at the National Synchrotron Light Source or
(NSLS) at Brookhaven National Laboratory. The white 0.007 —— l
x-ray beam from the bending magnet was focused by a  oos | FC 1
mirror and monochromatized by a pair of single bounce  o.005 |- .
Ge(111) crystals together with a Ge(111) analyzer. The = o.04 |
incident wavelength was set at= 1.305 A. Excellent = o0.003 |
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quality single crystals of K&€o, -, TiO3; (x = 0.35, 0.65, = 0002 | 4
and 0.75), grown by the floating-zone method, with 0.001 ]
typical mosaicities of 0.05were used in the experiment. ok J
The sublattice magnetization measurements were carriec 0 15 20 25 3 3 w0
out around the magnetic-superlattice positiddg), 4.5) Temperature (K)

and(1, 1, 1.5). The magnetic x-ray intensities @t 0, 4.5) o o o
and (1,1,1.5) reciprocal-lattice positions in the spin- EIhG 2. RFIM behavior in Fg,{Ca, ,sTiO; in @ magnetic field.

. . . 212 e upper panel shows tlig, 1, 1.5) Bragg intensity after ZFC.
only approximation are prop_ortlonal t0.5[S,|° and The solid lines forH # 0 are the results of fits to therompe
0.931S)1> + 0.074|S, |*, respectively. I'oeil” model of Ref. [6]. TheH = 0 line is the result of a

We discuss first the behavior on the Ising side of thdit to a simple power law with3; = 0.36(3). The inset shows
phase diagram. Detailed measurements were carried offfe (1,1.1.5) intensity for7 = 15 K as a function of field for
on a sample of RgCa,,.TiOs both in zero field and x rays and neutrons. The bottom panel shows the FC inverse

. . > . correlation length¢r for varied fields.

for various applied fields. At zero field, a second order
transition to LRO is observed &ty = 43.90(5) K. As
shown in the top panel of Fig. 2, the intensity is well de-diluted antiferromagnets E&n,_.F, and MnZn,_,F,
scribed by a simple power lay ~ Sﬁ ~ (1 = T/Ty)*#  thence confirming the universality of the phenomena
with B = 0.36(3) consistent with the theoretical value and showing that such behavior is fundamental to the
B = 0.35(1) for the 3D random exchange Ising model RFIM [6].
(REIM) [9]. Following the observation of Fishman and There is, however, one feature of the data in
Aharony [10], the phase behavior of J5€Cqy sTiOzina  Fey 7:C0y ,5Ti03 shown in Fig. 2 which differs markedly
uniform field should fall into the universality class of the from the behavior found in E&n;_,F, and Mn.Zn;_,F,
3D RFIM. The results for the correlation length on field [6]. Specifically, the ZFC x-ray intensity is observed to
cooling (FC) are shown in the bottom panel of Fig. 2.increase agi>. To probe this further, we have repeated
One observes a characteristic Lorentzian squared profithe same measurements under identical conditions with
with a width 7 which evolves continuously upon cool- neutron scattering techniqgues. The neutron and x-ray
ing, remaining nonzero as — 0, that is, the FC Ising intensities af(1, 1, 1.5) as functions of magnetic field for
transition is destroyed by the random field. On the othetemperaturel’ = 15 K are shown in the inset of Fig. 2;
hand, after cooling to low temperatures in zero field andhe intensities are normalized at zero field. As may be
then applying a field (ZFC) the LRO is retained until seen in Fig. 2, there is no significant field dependence of
the sample is heated above the metastability temperatuthe neutron intensity; this rules out any explanation of the
Tw(H). As may be seen in Fig. 2 the consequent orx-ray data based on an anomalous field-induced increase
der parameter curves are well described by ttierfipe  of the staggered Ising moment.
I'oeil” critical behavior model of Ref. [6] withBzrc = As an alternative explanation, we consider the possibil-
0.17(5), consistent with previous results. This behav-ity that the additional x-ray intensity df, 1,1.5) arises
ior overall corresponds precisely to that observed in thdrom an induced staggered lattice modulation. In order
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to contribute to the x-ray scattering intensity(at1, 1.5), Fey65C% 357105 (1,1,1.5)
this charge density must have the same periodicity as the
antiferromagnetic order. This modulation can be under- [ éi!%a““"‘"po..
stood as originating from the coupling between the lat-
tice and the magnetism via a coupling term of the form o cooling(from 50K)
psM M, in which p; is the staggered charge density,  warming(from 10K)
is the staggered magnetic moment, ards the uniform 02 —(-T/1)*, g = 033
magnetization. A simple calculation yielgds ~ M M. E
The x-ray scattering intensity at the reciprocal lattice point .
(1,1,1.5) would now include both the magnetic contri- ®
bution Iy ~ M2, and a charge scattering contribution S
arising from this staggered charge density,~ p? ~ [ o
(M;M)*> ~ M?H? sinceM ~ H at low fields. The scat- —(1-1/1)%, 8 = 0.33
tering intensity at(1, 1, 1.5) is then given byl = I, + v 0
Ic ~ M? + aM?H? = M*(1 + aH?), which is exactly 61 C (© In- I
. . X . 4 . plane transverse
the result displayed in the inset in Fig. 2. The discrepancy 5
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(1,1, 1.5) may then be attributed to the fact that for neu- 2,
trons the magnetic and nuclear scattering cross sections <y
are comparable, whereas for x rays, charge scattering is ot %Qooooooo 08 @ Oscseeeuw® -
intrinsically 6 orders of magnitude larger than magnetic ' ' ' ' ‘
scattering. This effect should occur in many different -
magnetic systems.
We now discuss the behavior in fz2C0o, 357105 which | ° |
shows successive Ising and transitions with decreas- %
ing temperature. We show in Fig. 3 the temperature de- | %’5:&.000.00 0o @ ceosesew® - 0
pendence of the |_ntegrated intensity, th_e peak intensity, 0 15 20 25 30 B 0 45
the deconvolved in-plane transverse width, and the Temperature (K)
deconvolved longitudinal width¢; of the magnetic re-
flection at the reciprocal-lattice positign, 1,1.5). Ata  FIG. 3. Summary plots for the magnetic reflectioin 1, 1.5)
temperatureT)(x = 0.65) = 41.55(5) K, there is a sud- [OF FéeCasTiOs: (@) The integrated intensity as a func-
ion of temperature. (b) The peak intensity as a func-

den rise of the scattering intensity, indicating the onset Otion of temperature. (c) The transverse width along the

the ordering of the Ising magnetic componeijt For in_plane transverse direction as a function of temperature.
temperatures higher than 17 K, this magnetic reflec- (d) The longitudinal widthx, along the longitudinal direc-

tion is resolution limited, so that this phase has LROLon as a function of temperature. HeSéCI) ~ (1 + [(qr —

For T near Tj(x = 0.65), both the integrated and the 42)/x.T + [(ar = a1)/xr T + [(av = 4v)/xv ).

peak intensity are well described by a simple power law,

[1 — T/T)(x = 0.65)*#1 with B = 0.33(2), consistent

with the theoretical result for the 3D REIM [9]. As the cies with our results presumably because the lower resolu-
sample is cooled further down to belowl7 K, the mag- tion neutron measurements probe the ordering over much
netic reflection spectrum becomes broader with a corshorter distance scales than x rays.

responding decreasing peak intensity [Fig. 3(b)]. This Before discussing the behavior below 17 K in the
indicates that below~17 K, the magnetic structure is x = 0.65 sample, it is of value to present briefly the
no longer long-range ordered. The line shape of theesults in the sample withv = 0.35, which exhibits
scattering profile is consistent with a Lorentzian-squaregpure XY ordering. As in the samples which exhibit
cross section which in three dimensions corresponds ttsing order, one observes a shafy transition with
pure exponential decay. Explicit deconvolution yields7, (x = 0.35) = 36.89(3) K and power law behavior
the results for the transverse and longitudinal widkhs  7(0,0,4.5) ~ IS, |2 ~[1 = T/T. (x = 0.35)A: for the

and «; shown in Figs. 3(c) and 3(d), respectively. At order parameter witl8, = 0.35(2) in quantitative agree-

T = 10 K, the in-plane domain size of the spin compo- ment with the theoretical result,, = 0.36 for the 3DXY
nent Sy is ~2,000 A. This breakup into magnetic do- model [11]. However, there are two important differences
mains is clearly driven by ths, ordering at~17 K.  in the behavior from that exhibited by the Ising samples.
The latter is observed directly through the appearance dirst, scans at the charge positidn 1, 0) reveal that there
measurable magnetic scattering(@t0,4.5) below 17 K. is a magnetoelastically driven distortion which breaks the
Related effects have been observed by Endblal. [4] in-plane hexagonal symmetry and causes crystallographic
using neutrons, although there are quantitative discrepatwinning. Second, th&, magnetic order is short range

(d) Longitudinal
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with the domain size, which is infinite dt,, decreasing will generate a random fiem{}' = G(ij){S.(i)) act-
progressively with decreasing temperature. The lengtihg on the Ising spirs)(j). Naively, thisS, -driven ran-
scale, however, is quite large, typically of order 5000 A.dom field effect would seem to explain the destruction of
The structural peaks also are broadened, thus indicatinge Ising LRO below 17 K shown in Fig. 3(d). However,
that the short-range magnetic ordering causes the lattia@ere is a serious caveat in this argument. Specifically,
to break up into structural domains. Thus the transitionsince the Ising LRO is well established above 17 K then
between the paramagnet and the-domain state (thick the above process corresponds to the ZFC rather than FC
dashed lineAB in Fig. 1) is unusual in the sense that the procedure shown in Fig. 2 for the = 0.75 sample in a
correlation length diverges along that line even thougfield. Thus if the behavior corresponds to that observed
there is no low-temperature long-range ordered phasen other RFIM systems, then the Ising random field cre-
This was implicit in Ref. [5] although these theories pre-ated by theS, ordering should not have destroyed the
dict algebraic rather than the observed exponential decaging LRO. Apparently, therefore, the more complicated
below 7', . This apparent discrepancy may originate incoupled IsingXY nature of this system obviates the simple
the very large distance scales observed experimentally. mean-field based analogy to the RFIM. Clearly a more
The breakup of thY phases into magnetic and struc- sophisticated theory will be required to understand the
tural domains corresponds to our expectations for randoryich physics exhibited by this system.
anisotropy systems with strong magnetoelastic coupling. We would like to thank A. Aharony, M. Blume, L.D.
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self. Specifically, following Ref. [2], substitution of €6  for providing us with the correct form for the,M,M cou-
ions with Fé" ions reduces the local symmetry of the pling. The work at MIT was supported by the NSF under
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random diagonal and off-diagonal exchange terms of the

form Gy, (ij)S:(i)S,( j) in the effective spin Hamiltonian.

The S, -ordering transition thence should fall into the uni-
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