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The uniform magnetization, M, of the mixed antiferromagnetic system Fel „Co„C1&is measured

via the Faraday rotation 8 at A, =633 nm in axial magnetic fields, H 25 kOe, at temperatures 3.5
K g T ~ 30 K. By utilizing distinct changes of one or two of the functions (H, d8/dT, or 18/dH)
versus T or 8 arising at phase boundaries, the H-versus-T phase diagrams are constructed. For the
easy-direction configurations x =0.20 and 0.27, metamagnetic behavior with a tricritical point
(13.93 K, 8.3 kOe) and spin-flop behavior with a bicritical point (14.60 K, 1.5 kOe), respectively, is

found in accordance with predictions of Galam and Aharony. In addition, the spin-flip phase
(x =0.20) is clearly indicated by transparent magnetic circular dichroism. For the easy-plane

configurations, x =0.315 and 0.70, single phase lines emerge. In the low4ield limit, random-field

Ising-model behavior is found for both x =0.20 and 0.27 as predicted by Fishman and Aharony.
The crossover and specific-heat exponents, $-1.40 and tt-o, respectively, disagree with previous
results of W'ong et al. , but confirm theoretical predictions in accordance with results on diluted an-

tiferromagnets. Enhanced magnetization due to random-field-induced domain states appears upon
crossing the phase boundaries paramagnetic (0r spin-flop) -to-antiferromagnetic from high tempera-
tures (fields) at H (T)=const, respectively. Domain states due to random intraplanar spin anisotro-

py are believed to appear at the smeared paramagnetic-to-spin-flop transition for x =0.27.

I. INTRODUCTION

In the last few years much interest has been focused
onto the concentration (x)-versus-temperature (T) phase
diagram of the competing-anisotropy model system

Fe, ,Co„C12.' lt describes antiferromagnetic (AF)-to-
paramagnetic (PM) upper phase transitions (PT) occur-
ring at T„, and AF-to-oblique antiferromagnetic (OAF)
PT's occurring at T,2. All phase lines meet in a tetracrit-
ical point (x, =0.28), as depicted in Fig. 1. Some experi-

mental investigations have also been done on the mag-
netic field dependence of the phase diagram. They were
stimulated by the theoretical work of Fishman and
Aharony6 (FA) and Galam and Aharony (GA), who pre-
dicted interesting new features of critical and multicriti-
cal behavior, respectively.

FA (Ref. 6) proposed that Fe, „Co„Cli, when exposed
to relatively weak longitudinal magnetic fields, 8, would

be a suitable system for studying three-dimensional (3D)
random-field Ising model (RFIM) behavior. They gen-

erally showed that a random-exchange Ising model
(REIM) antiferromagnet in a uniform external field is

equivalent to an Ising ferromagnet in a random field

(RF), which was originally treated by Imry and Ma.
This equivalence should apply to Fe& „Co„Clz in the

range 0 ~x ~x„where Ising anisotropy prevails and S~~

ordering occurs at T, &. It should be noticed that this pre-

diction attracted much less attention than that concern-

ing diluted Ising antiferromagnets like Fe& „Zn„Fz.
These are expected to behave similarly and have been
considered to be the most perfect realizations of the
RFIM up to now.
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FIG. 1. x vs T phase diagram of Fel „Co„Cl&as obtained in
Ref. 13.

The 30 RFIM behavior of Fe, „Co„C12 was investi-

gated experimentally by Wong. He finds a crossover
into RFIM behavior with a crossover exponent
(b= 1.24+0.09. Theoretically Aharony' predicted rela-
tionships with the order-parameter-susceptibility ex-

ponent y, either P =y, if the zero-field behavior is dom-
inated by the nonrandom critical behavior, or (b ~@, if
the critical exponents correspond to the REIM fixed

point. Consequently, Wong's value of (b seems to corre-
spond to ypure '25, " rather than to Vrandom

However, in our recent linear birefringence, refractive in-

dex, and specific-heat studies' we were able to positively
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ascertain zero-field random-exchange behavior at least
for one concentration, x =0.27. Hence, it seemed to be
worthwhile to reexamine the T, versus 0 phase line in
order to check the value of P, which should then exceed
1.34 after all. As mill be reported in this paper, apphca-
tion of the Faraday rotation (FR) method' to mixtures
with x =0.20 and 0.27, indeed, yields /=1. 40+0.05 and
1.44+0.08, respectively, thus con6rming the theoretical
prediction. ' The obvious discrepancy with Mong's
value may be traced back to both a higher precision in
determining T, versus H and a crucial reduction of the
concentration gradients of the samples probed in our op-
tical measurements.

In addition to the critical behavior, GA (Ref. 7) con-
sidered multicritical behavior of a ferromagnet with Snite
anisotropy in a moderate random longitudinal Seld.
They beheve that, again, as in the weak-field limit, the
random-exchange antiferromagnet like Fe, „Co„Cli in a
uniform field would present a possible experimental reali-
zation of this model. However, they pointed out that the
critical behavior may not necessarily be the same for both
systems. The Srst experimental investigation of the x-T-
H phase diagram of Fei „Co„C12including multicritical
points was done by Wood and Day' by means of light
scattering. This is due to the walls between AF and PM
domains in the mixed phase, which accompanies the
spin-ffip PT as is well-known from pure FeC12. Qualita-
tively similar behavior was found for mixtures with
0 &x & 0.29. Accordingly, Wood and Day inferred
metamagnetic behavior for all of these concentrations.
On the other hand, neutron scattering data of %ong and
Cable revealed a spin-ffop (SF) transition for x =0.275,
which seems to be of second order. Light scattering as
observed on similar concentrations5 must then be due to
a spatially inhomogeneous SF phase. Wong and Cable
proposed this to be due to RF originating in the SF phase
from the external field. RF-induced domain states, how-
ever, are usually known to be very Sne-grained with
domain sizes well below the wavelength of visible light.
Light scattering should, hence, be very inefficient in a SF
domain state.

In order to clarify this unsatisfactory situation we re-

checked the H versus T phase diagrams using FR and
"transparent" magnetic circular dichroism' (TMCD)
data. Two concentrations being far and near from the
tetracritical value x, -0.28 (based on the scale of our

atomic absorption spectroscopy data'~ }were chosen. For
x =0.20 we find evidence for spin ffip into a mixed phase
from both FR and TMCD, whereas x =0.27 gives rise to
a phase lacking any TMCD. The occurrence of both sit-
uations agrees with the idea that the admixture of Co +

ions weakens the average Ising anisotropy of FeC12, and

thus changes its behavior in a longitudinal 6eld. A fu11

account of the 8 versus T phase diagrams will be given

for both concentrations and discussed with reference to
the preceding reports. * ' The near-tetracritical case
x =0.27 is particularly interesting, since very weak
e8'ective Ising anisotropy gives rise to a large extension of
the spin-Bop region. A pronounced umbilicus appears at
the bicritical point, ' which lies very near to the Neil
point, (T~,H =0}.

Another point of interest is the observation of 6eld-
induced metastability. In 30 RFIM systems the zero-
Seld cooled (ZFC) state is believed to have long-range or-
der, whereas field cooling (FC) produces metastable
domain states. ' This was, indeed, con6rmed experi-
mentally for Fe& „Co C12 by Kong and Cable by means
of neutron scattering investigations. Owing to the
domain state the sublattice magnetization appears re-
duced in FC samples in comparison with that of ZFC
samples. Complementarily, our FR measurements reveal
enhanced uniform magnetization, M(FC), in FC samples
compared with that of ZFC ones, M(ZFC}. Similar
eff'ects were reported previously for the diluted system

Feo 7Mgo 3C12 in agreement with model calculations of
Soukoulis et al. ' The threshold fields for the onset of
positive hM =M(FC}—M(ZFC}, if any, are found to be
considerably smaller than those reported for the sublat-
tice magnetization previously. In contrast with the neu-

tron results, we do not find any time dependence of the
metastable FC state.

Evidence of random4ield induced metastability was
also looked for at the first-order phase boundaries ap-
pearing at moderate 6elds as mentioned above. Indeed,
hM effects in the sense explained for the second-order
RFIM phase line, occur upon crossing both the spin-
flop-to-AF (x =0.20) and the SF-to-AF phase boun-
daries (x =0.27) in isothermal field cycles. These obser-
vations agree qualitatively with previous pulsed field ex-
periments on Fei „Zn„F2. On the other hand, any hM
efFect is lacking upon crossing the PM-SF phase bound-
ary (x =0.27). The SF domain state observed previous-
ly4 is, hence, most likely not due to random fields as pro-
posed. Magneto-crystalline anisotropy, in conjunction
with random natural strains, will be discussed to be the
origin of this microdomain structure similarly as in the
case of the zero-Seld OAF microdomains. '

H. EXPERIMENTAL PRGCEDURE

The FR has been measured with a modulation method
described by Modine and Major. ' Using'lock-in tech-
nique one detects the second harmonic of the light inten-
sity signal,

&2„=&0J2 (5)cos[2(8—p )],
with 8 and P being the FR rotation and angle between
the directions of the analyzer and of the polarizer, respec-
tively. The modulator is operated at a frequency
~/2m. =50 kHz and with a phase amplitude 5-170' for
maximum signal-to-noise ratio. J2 and Jo denote Bessel's
function and the initial intensity of low-power He-Ne
laser light (A, =633 nm}, respectively. We use a compen-
sation method such that Iz„——0 by adjusting the analyzer
to /=8 —m/4. Angular resolution of better than 1 mdeg
is achieved by use of a rotating table (PI, type P038)
driven by a stepper motor. The temperature is stabilized
to within 3 mK in a special-purpose helium gas-Sow cry-
ostat equipped with a superconducting solenoid (H &45
kOe). After changing the temperature in steps of no
smaller than 4 mK, waiting times of about 25 s before
measuring P were allowed for temperature stabilization
and sample equilibration.



7682 %. NITSCHE AND %. KLEEMANN 37

Detailed information concerning the sample prepara-
tion was given previously. ' The thickness of the samples
is typically 0.2-0.3 mm. %e have used diaphragms wi.th
a diameter of 0.7 mm, in order to reduce the smearing of
the phase transition temperature due to the concentration
gradient of typically hx =0.012/cm to below bT, —1

rnK. For measuring the TMCD we used a standard
high-frequency modulation technique. ' Owing to the
doping with CoClz, the samples of Fe, „Co„C12are not
completely transparent at the wavelength used. Hence,
finite MCD signals appear in the homogeneous, domain-
free phases, without, however, masking the sharp onset of
TMCD, which is due to domain walls in the mixed phase.

III. EXPERIMENTAL RESULTS
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A. Preliminary remarks

As has been pointed out by Pommier et al. , the FR
of a transparent antiferromagnet generally depends on
both the magnetization M and the local magnetic Seld
0„,according to

8=aM+bHio, ,

where a and b are constants. In antiferromagnets with
nonquenched orbital momentum of the ground state the
second term in Eq. (2) is usually some orders of magni-
tude smaller than the first one. This holds for FCCII and
CoQ2, which via spin-orbit coupling, exhibit strong an-
isotropy along and perpendicularly to the c axis, respec-
tively. Especially for FCCIl, Griffin er al. ' and Dillon
et al. have evidenced the validity of the strict propor-
tionality of 8 with M. It seems, hence, justified to
presume that this also holds in cases, where x «0. This
seems to be proven at least for those mixtures, which or-
der axially, i.e., for x gx, =0.28. As can be seen in Fig.
2 the FR of a sample with x =0.20 clearly exhibits the
features of the magnetization of a uniaxial antiferromag-
net in a parallel field. Curie-%eiss behavior dominates at
high temperatures and 8 vanishes as T~0. Close resem-
blance with the parallel susceptibility as measured by
Wong er al. ' on samples with x =0.1625 and x =0.2641
is obvious. This holds, too, for the case x =0.70 (Fig. 2),
which is comparable with the X~ versus T results of
%'ong et al. of samples with x =0.6035 and 0.8011, re-
spectively.

Recent scaling considerations' of the 3D Ising antifer-
romagnet in a uniform field reveal, for the temperature
derivative of the magnetization,

(aM/aT)H ~ H»
~

I
~

with the RFIM critical exponents y and cx, the reduced
temperature I =[T—T, (H)]/TN and the Ncel tempera-
fUIc T~. HcIicc, flic 111axlII1UIn of d8/dT llllalllblguoUsly
defines the PT temperature as shown in Fig. 2 for
x =0.20 and H =2.56 kOe. 8 versus T curves thus con-
veniently enable us to study the critical behavior near T, .
In order to investigate the H-T phase boundaries in the
spin-fiip (x =0.20) or SF (x =0.270) region, it proves
convenient to study 8 versus 0 curves at constant tem-

FIG. 2. 8 vs T of Fep SCop 2C12 (curve 1) and Fep 3Cop pC12

(curve 2) measured with A. =633 nm in axial fields H =2.56 and
5.1S kOe, respectively. Curve 3 shows the derivative, d8/dT vs
T of curve 1. The respective phase transition temperatures, T„
are indicated by arrows.

perature. In general, sharp features of (88/BH)T will
define the phase boundaries as was discussed in the case
of spin-Sipping FeClz. Similar singularities are also ex-
pected in the SF case. It should be noted that 8 versus H
curves are not suitable for studying critical behavior in
the RFIM regime. Since the critical temperature varies
as

T, (H) = TIv —AH BH— (4)

where»f and 8 denote the mean-field and the random-
field contributions with P being the crossover ex-
ponent, ' it is obvious from relation (3) that critical ex-
ponents are not unambiguously obtained from isothermal
field scans unless»f and 8 are very precisely known.

The TMCD method' used to determine the external
field boundaries of the spin-ffip PT is believed to be
equivalent to the light-scattering method used by Wood
and Day. In both experiments elastic light scattering at
the domain walls between the AF and the PM phases is
involved. Measurable effects require domain sizes of the
order of the light wavelength.

1. x Qxg

Figures 3 and 4 show 8 versus T data for x =0.20 and
0.27, respectively, in the vicinity of T,(H) for various rcl-

B. FR and TMI
From the phase diagram in zero applied field it is well

known' that Fe& „Co„C12behaves like a 3D Ising anti-
ferromagnet for x &x, and like a 3D xy antiferromagnet
for x «x, at the upper PT's. These are described by S~~

and Sj ordering, respectively. It is, hence, meaningful to
discuss our results separately for both cases. In particu-
lar, the appearance of linear birefringence' (LB) has to
be taken into account in order to explain some of the ex-
perimental results in the case x «x, .
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FIG. 3, g and dg/dT vs T of Fey SCog 2C12 for (a) ~ =1,29
kOe and (b) 3.86 kOe, where the temperature was cycled around

T, =17.60 K and T~ =17.64 K (arrows) after ZFC.

atively weak magnetic Selds, 1 kOe ~ H ~ 4 kOe. It is ob-
served that FC yields larger FR, hence, enhanced magne-

tization, hM ~0, than field heating after ZFC above cer-
tain threshold Beld values (H ~ 2.25 kOe and & 1 kOe for
x =0.20 and 0.27, respectively). This is depicted in Fig.
3(b) for x =0.20 and H =3.86 kOe and in Fig. 4(b) for
x =0.27 and H =2.57 kOe. As will be discussed in Sec.
IVB, the occurrence of AH~EM is connected with the
fact that a domain state develops in FC samples, whereas
ZFC sam~les exhibit antiferromagnetic long-range or-
der. ' ' ' This was investigated by %ong and Cable
on Fe, „Co„C12 with x =0.255 and 0.285 by means of
neutron scattering.

Another important fact is the increase of rounding of
the d 8/dT curves in Figs. 3 and 4 on increasing the field.
We refer to this point in the discussion. As pointed out
above we obtain the H versus T phase line from the peaks
of d8/dT versus T. For weak fields these lines, plotted as
H versus T for x =0.20 and 0.27, are depicted in Fig. 5.
Anticipating results obtained from 8 versus H curves to
be discussed below, in the case x =0.27 only field values
below the bicritical one, H& -1.5 kOe, have to be taken
into account. The concave curvatures arise from the
crossover from REIM to RFIM behavior according to
Eq. (4). Following Wong, A (x) is determined as

A (x)= A (0)T~(0)/Tiv(x),

involving the Neel temperature Tz(0) =23.55 K of pure
FeC12. Since our sample dimensions are nearly identical
to those used by Wong, we adopt A (0)=0.0149 (kOe),
and obtain, by using least-squares fits, /=1. 40%0.05 for
x =0.20 and /=1.44+0.08 for x =0.27, respectively.
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FIG. 4. 8 and d8/dT vs T of Fe, »Coo»Cl, for {a)8=0.96
kOe and (b) 2.57 kOe, where the temperature was cycled around
T, = 14.21 K and T~ = 14.25 K (arrows) after ZFC.

FIG. 5. 8 vs T,(H) phase diagram of ZFC (a) Feo SCoo 2C12
and (b) Fes»Cooi7Clz, best fitted to Eq. (4) (sohd lines) for
H~ & 15 and 3 kOe, respectively (see text).
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FIG. 6. (a) 6 vs 0 of Fep. SCop. 2C12 for T =7.00 K (curve 1)
and 14.44 K (curve 2). The TMCD vs H is depicted for
T =7.00 K by curve 3. (b) 8, d 8/dH (ZFC), and TMCD (inset)
vs H of Fep 73Cop27C12 for T =4, 36 K. The lower and upper
Selds, 8,&

and H,2, of the spin-Sip and spin-Sop transitions are
indicated by arrows in (a) and (b), respectively. Field cycles
around H, =7.97 kOe (arrow) for Fep 8Cop 2C12 at (a) 14.44 K
and around H, ~

——7.29 kOe for Fep 73Cop»C12 at (b) 4.36 K are
denoted by arrows.

%'e have fitted our data within 17.5 K~T g18.398
K=T~(0.20) and 14.7 K&T &15.109 K=T~(0.27) for
x =0.20 snd 0.27, respectively. In the case x =0.20, ten-
tatively also, demagnetization was taken into account
which was obtained experimentally from low-T 8 versus
H data (see below). Clearly this procedure yields a larger
value A (0)-0.023 (kOe). However, the least-squares fit
for the phase boundary thus obtained, H; versus T, again
gives P = 1.40+0.05.

In order to investigate the rnulticritical behavior we
have measured 8 and TMCD versus H for both the fairly
low and the nearly tetrscritical concentrations, x =0.20
and 0.27, respectively. Fig. 6(a) refers to x =0.20 and
shows 8 versus H for T =7.00 K (curve 1), T = 14.44 K
(curve 2), and the TMCD versus H for T =7.00 K (curve
3). The magnetization curve for T =7.00 K is typical for
a metamagnet. 2 Within the AF phase (H &H, &), the
magnetization is small and varies linearly with H. A
steep change of the slope occurs within the spin-6ip re-
gion (H„&H &H,z), where AF and PM domains coex-
ist, until for H ~ H, z the magnetization saturates rapidly.
H, &

——9.17 kOe and H, 2
——14.13 kOe denote the lower

snd the upper critical Geld, respectively, of the mixed
phase and are indicated by arrows in Fig. 6(a). Within

the spin-flip region the internal magnetic field is constant.
This enables us to determine the demagnetization factor
X according to

H; =H, )
—0,)S =H, 2

—8,2%, (6)

where 8, t and 8,2 denote the FR at H, &
and H, z, respec-

tively. We obtain X =0.017 kOe/deg as used for deter-
mining tI) (see above).

The spin-Hip transition gives rise to TMCD as shown
in Fig. 6(a). The shape of the TMCD curves is due to un-
controlled domain formation. Therefore occasionally
smooth onsets may be encountered [Fig. 6(a), H-H, &j.
However, by use of both 8 and TMCD versus H, eventu-
ally taken ai diferent sample sections, the phase boun-
daries emerge with sumcient accuracy. H„snd H, 2 data
taken this way at temperatures 3.5 K& T &14.4 K are
plotted in Fig. 7(a). They constitute the lower part of the
phase diagram, splitting into two lines below the tricriti-
cal point ( T, —= 13.93 K, H, =8.3 kOe). Above that point
the 0 versus H curves vary smoothly and indicate
second-order PT's by virtue of inAexion points as shown
for T =14.44 K in Fig. 6(a) (curve 2), where H, =7.97
kQe. These points belong to the AF-PM phase bound-
ary, which can also be constructed from 0 versus T data
as described above. Data points obtained within
T, & T & Tz from both of these techniques are plotted in
Fig. 7(a).

i0

Temper ature (K)

FIG, 7. 0 vs T phase diagrams of Fe& „Co„C12as deduced
from FR data for (a) x =0.20, (b) 0.27, and (c) 0.315 (solid cir-
cles) and 0.70 (open circles), interpolated by eye-guiding solid
lines.
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Upon cycling the Seld through H„enhanced FR„68 is
observed just below the phase transition at H, =7.97
kOe. The efkct is relatively small and vanishes at higher
temperatures. It is attributed to domain states due to
RF, which e1Tlerge at H K H . Evidently, metastabilitles
arise whenever the RFIM phase boundary H versus T is
crossed, either taking isothermal [Fig. 6(a)] or isomag-
netic scans (Figs. 3 and 4, respectively).

For x =0.27, we systematically measured 0 versus H
in the temperature range 3.5 K & T & 16.2 K. Several of
these curves and their derivatives, 18/dH versus H,
referring to T =4.36, 13.52, 14.98, 15.51, and 16.20 K,
are plotted in Figs. 6(b) and 8(a)-8(d), respectively. It is
seen that steep changes of 8 versus H, corresponding to
sharp peaks of d 8/dH versus H, occur at fairly low fields,
3 kOe+H, ] +8 kOe, at temperatures 14 K & T&4 K.
[Figs. 6(b} and 8(a)]. They obviously hint at the oc-
currence of PT's. Contrary to the behavior of the
x =0.20 sample, however, we do not find TMCD at any
temperature or field value [see inset of Fig. 6(b) for an ex-
ample; small bumps ar due to ordinary MCD owing to
residual absorption at A, =633 nm]. Hence, macroscopi-
cal homogeneity of the phase at H &H, &

is inferred and,
in particular, a mixed phase as found for 'x =0.20 is safe-
ly excluded to occur at x =0.27. In accordance with
theoretical conjectures, we, hence, conclude that H„
marks a SF PT, where X~~ should diverge. Owing to
demagnetization, however, in real measurements re-
duced values Xt(H, i )= 1/N are expected. Since

Xi C(de/d—H—), with C being a nearly temperature in-

dependent factor, constant peak values of d8/dH are
expected along the AF-SF phase boundary. However,
these are observed to decrease significantly from 120 to
55 deg/mm kOe for 3.5 K & T & 14.8 K [cf. Figs. 6(b) and
8(a)]. This might indicate smearing of the expected
6rst-order SF transitions, becoming more important with
increasing temperature as will be discussed in terms of
RF effects in Sec. IV 8. It should be mentioned, howev-
er, that the SF transition might well be interpreted as be-
ing second order, too. This possibility was concluded by
Wong and Cable from their neutron data of an x =0.275
sample. On the other hand, in our opinion, the observed
very steep variation of MII versus H at H, &

also very
much resembles a Srst-order discontinuity, albeit slightly
smeared. Much clearer evidence in favor of a 6rst-order
AF-SF transition was recently found for the related undi-
luted RF system Fe& „Ni„Cl2 at the near-tetracritical
concentration x =0.85.

The upper critical field, H, 2, appears worse de6ned
than H„, owing to the lack of sharp kinks in 8 versus H
as seen in Figs. 6(b) and 8(a). However, since the SF
phase is expected to yield a horizontal and Aat X~~ versus
H curve up to 8,2„ this Seld may tentatively be de6ned
as the endpoint of the Sat horizontal portion of the
derivative curves d8/dH versus H This is indicat. ed in
Figs. 6(b) and 8(a} by horizontal lines and arrows at
H, 2 ——8.70 and 7.02 kOe, respectively. Possible reasons
for the rounding, which was recently also observed on the
magnetization of FeI „Ni„C12, will be discussed below.

On approaching T-14.8 K from below, the peak of
d 8/dH at H„rapidly flattens out, and the initial slope is
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FIG, 8. 8 and d8/dH vs H of Feo.73Coo.2vC12 for (a)
T=13.52 K, {b) 14.98 K, (c) 15.51 K, and (d) 16.20 K. Spin-
Sop phases between H, &

and H, 2 (arrows) are characterized by
d8/dT=const as indicated by horizontal solid lines.

gradually lifted up to the Sat part of the SF phase. This
is why within 14.8 K & T & 15.2 K only the H, z point is
clearly conceivable [Fig. 8(b)]. Large scatter of the data
precludes any clearcut information on the low-field range.
It is in that temperature range, where the second-order
RFIM PT is clearly found from 8 versus T scans at Selds
H & 1.5 kOe [Fig. 5(b)]. Unfortunately, the PM-SF phase
boundary is unrevealed by 8 versus T scans, which mere-
ly show broad peaks at the location of T(H,2) [see, e.g.,
Fig. 4(b)].

A common plot of the RFIM phase line together with
all H„and H, 2 values obtained thus far in Fig. 7(b) shows
the presence of the bicritical point (BCP) at
T&

——14.6+0.02 K and H& ——1.50+0. 1 kOe. Unfor-
tunately, as explained above, essential H, I data are lack-
ing, which would be needed to determine the BCP more
precisely. However, the typical balloon-like part of the
SF region' ' is clearly found at higher temperatures,
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15.2 K~T ~15.75 K, where both H, I and H, z emerge
again from the horizontal plateau of d8/dH versus H
[Fig. 8(c)]. Here, the SF phase separates high and low
susceptibility PM phases being stable at H ~H, &

and
H «H, &, respectively. Owing to the roundings at both
ends of the d8/dH plateau, the critical field values H„
and H, 2 can be determined only vrithin large error mar-
gins 5H-20. 5 kOe. This explains the larger scatter of
the data points in Fig. 7(b}. Very clearly, however, the
plateau shrinks rapidly as T is raised and vanishes for
T ~ 15.7 K. This is shown for T = 16.2 K in Fig. 8(d). A
full account of the phase diagram thus obtained will be
given in Sec. IV B.

200-

150-

S.O 7.5

(a) H=O. 19kOe

9.0 l0. 5

Typical 8 versus T data for Sj ordering Fe, „Co„Clz
arith a nearly tetracritical concentration are shown in
Fig. 9 for x =0.315 at H =0.19 and 5.14 kOe. As was
shown in our previous papers, '3 appreciable intraplanar
I.B is found at x &x, due to the spontaneous in-plane
spin-ordering occurring below T„. It is well-known, that
the measured circular birefringence is a superposition of
both FR and LB. Drastic effects in cases, where the
phase shifts due to LB and FR are of the same order of
magnitude, were reported by Tabor and Chen. ' This
must be taken into account w'hen discussing the measured
FR versus T curves in Fig. 9. For example, hysteresis is
found below T-13.3 K for H =0.19 kOe [arrow denot-
ed as T,2 in Fig. 9(a)]. This temperature coincides exactly
with that found in the zero-Seld LB versus T curve, and
corresponds to the transition temperature T,2 into the
OAF phase. ' On the other hand, T, as determined from
the maximum slope of the FR versus T curve [arrow
denoted as T„T„in Fig. 9(a)] seems to agree with T, &

as
obtained from the LB in the limit H~O. 'i Only these
T, &

values are used to construct the H versus T phase dia-
gram [Fig. 7(c)]. It consists of a strongly bent single
curve, ending at H, -7.5 kGe in the limit T~0. No fur-
ther high-Seld PT is expected, since H lies nonparallel to
the easy spin direction.

In the low-field limit H &0.8 kOe, our T, values prove
to be virtually constant. This is beheved to be an artifact
due to the superposition of FR and LB, thus ruling out
any serious analysis of the expected low-field crossover
behavior. Gn increasing the Seld, on the other hand, the
FR increases rapidly. For H ~5 kOe [Fig. 9(b)] the 8
versus T curves resemble those obtained at x & x, (Figs. 3
and 4). This shows that the inffuence of the LB is largely
suppressed. It is interesting to note that, again, enhanced
Inagiietizatlon occurs upoil FC. T1MS lillght indicate I'ail-

dom Selds, creating domain state GAF phases upon FC.
As an example for the random intraplanar exchange

regime, are present the 8 versus T curve for x =0.70 and
H =5.18 kGe in Fig. 2 in comparison with that for
x =0.20 and H =2.56 kGe. Gbviously, owing to the
different zero-field spin symmetries (Fig. 1) these curves
are related to X~ versus T for x =0.70 and to Xi versus T
for x =0.20, respectively, as measured by %'ong ef aI. '

at similar concentrations. At x =0.70 only a small
anomaly arises near T, %'hich may be used to construct

10-

8- 0 Iz)

f

9.0 i0.5 12.0 13.5 15.0
Temper atur e (Kj

FIG. 9. 8 vs T (solid circles) of Feo«SCoo»5C12 cycled
around (a) T, =14.52 K for H=0. 19 kOe and around (b)
T, =9.80 K for 8=5.14 kOe are compared with the zero-Seld
e-plane birefringence [(a), open circles], which evidences transi-
tions at T,)-T, (019 kOe) and at T,2=12 95 K (see Ref. 13).
Field cycles and transition temperatures are indicated by ar-
rows.

the H versus T phase diagram [Fig. 7(c)]. Comparatively
small shifts (h.T, = —1.3 K for H =35 kOe) are found.
They are compatible with c data of Wong (hT, = —1.2
K for x =0.604 and H = 19 kOe). The differences of the
specific shift values bT, /ddS, obtained in both experi-
ments are due to the diS'erent concentrations involved.

IV. MSCUSSION

A. Random-Seld behavior

In the following we shall discuss our experimental re-
sults on Fe& „Co„C12with respect to its RFIM behavior.
FA (Ref. 6}have shown that one possible realization of a
RFIM system is given by a uniaxial anisotropic antifer-
romagnet with random exchange constants in a uniform
magnetic Seld. They mention explicitly that
Fe& „Co„C12 in the S~~-ordered concentration range
might be a good candidate for this situation.

Their consideration is based on a two-sublattice Hamil-
tonian of the form

H = ——,
' g [Jk) SOS) +Jkr(Sk. SI SkS) )] gyHS)t,— —

k, l I
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involving antiferromagnetic random exchange coupling
coefFicients Jkf, and Ikt parallel and perpendicularly, re-

spectively, to the e axis and acting on the respective com-
ponents of the spins Sk and S&. The external field H acts
only on the parallel spin components SI~. Mukamel '

pointed out that thc prcscllt systcnl exhibits ofF-dlagoIlal
coupling terms for symmetry reasons. These were
neglected by FA. In our previous paper'3 ere have
shown that finite ofF-diagonal correlations, indeed, appear
in zero-field, albeit in a smeared fashion and slowly grow-
ing below T„, and thus noncontributing to the critical
behavior at T„. One might, hence, argue that also for
finite small fields all ofF&iagonal terms will remain non-
critical and can henceforth be neglected within the ap-
proach of FA. 6

According to Eq. (4) the random fields give rise to
crossover from REIN to RFIM behavior. The corre-
sponding exponent P is predicted' to satisfy the relation

P/y, e, =1.05-1.1. With y, e, =1.34 (Ref. 12} and
our experimental results /=1.40 and 1.44 for x =0.20
and 0.27, respectively, we obtain P/y„„e, =1.05-1.08
in satisfactory agreement with the above-mentioned
theoretical result. On the other hand, Wong found
/=1. 24%0.09 for Fee 7I4COS ISSClI. In order to explain
this relatively small value, he assumed "weak random-
ness, " which would yield P=y~„„, where $~,=1.25."
However, as shown in our previous paper, ' mixtures like

Feo7ICOSIIClI very clearly exhibit REIN behavior as
verified by negative specific-heat exponents, a= —0. 11.
Hence, "weak randomness" must be discarded. As point-
ed out recently in a similar discussion on the RFIM be-
havior of Feo 7Mgo IClI, ' we rather beheve that errone-
ous H versus T phase lines systematically were deduced
from the C versus T dataI taken on macroscopic sam-

ples containing concentration gradients. This was pre-
dicted by Belanger et al. , who recently also presented
convincing model investigations towards these ends.
Since our data were taken on very small sample volumes
( —10 mm ) using a narrow laser beam of 0.7 mm di-
ameter, our analysis can be assumed to be essentially free
from these errors.

In the RFIM regime the temperature derivative of the
FR is expected to diverge according to Eq. (3) as
(58/5T)H ~

~

t
)

. Previous investigations on
Fe, „Zn„FI (Ref. 14) and Fe, „Mg,ClI (Ref. 18) sug-
gested 5-0, i.e., logarithmic divergences. Semi-
logarithmic plots, (d8/dT) versus logio )

t ~, with
t =[T—T,(H)]/TN, should, hence reveal one single
straight hne. This condition, however, is fulfilled only in
fairly large fields. As shown in Fig. 10(c}„this applies ap-
proximately to the range —2.5&logio) t

)
& —2.0 for

H =7.71 kOe and x =0.20. At this nearly tricritical
field (H, =9.1 kOe) rounding occurs very near to
T,(l g,o)to) & —2.5). This may tentatively be traced
back to dynamical efFects ' ' (uncomplete equilibration
within the time scale of our FR measurements, ~-25 s).
On reducing the field the hnear parts of d8/dH versus
log io )

t
)

are shrinking and the curves are gradually bent
downward in the whole range of t values [Fig. 10(b},
referring to H =3.86 kOe]. Eventually, they split into
two branches, T ~ T, data becoming larger than those

200-
e c} I(I Oeo
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K

n 80-

(b)
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FIG. 10. d8/dTvs logioI(& Te)/&z) of Feo&CODIClz for
(a) H =1.29 kGe, (b) 3.86 kOe, and (c) 7.71 kOe. Open circles,
T ~ T„' solid circles, T g T'„where (a) T, =18.27 K, (b) 17.60
K, and {c)15.18 K.

obtained at T & T, [Fig. 10(a}, referring to H =1.29
kOe]. This behavior is also known from d hn /d T and c
versus log, o ( t

) plots at H =0. ' It is typical for REIM
critical behavior. At intermediate fields [Fig. 10(b)], a
typical RBM-to-RFIM crossover situation seems to be
encountered. It should be noted that no efForts were
made to analyze the d8/dT versus T data for x =0.27,
since in that case the secondwrder RFIM phase bound-
ary ends at very low fields, H %HI, =1.5 kOC (Fig. 7,
cllrvc 3).

Finally we come back to the observation of enhanced
magnetization as measured upon FC for H &2.25 kOe
and H R 1 kOe for x =0.20 and 0.27, respectively (Figs. 3
and 4). Similar results were obtained on the diluted sys-
tem Fe07Mg03C12, ' in accordance with mean41eld pre-
dictions of Soukoulis et al. and Grest et al. ' They
found decreasing threshold values of H for the observa-
bility of metastable states with increasing randomness in
accordance wIth our observations. The h,M el'ect is attri-
buted to the formation of metastable domain states
occurring under Fc conditions at temperatures T & T~,
where T~ & T,. Experimentally we Snd a maximum of
b,Mat T (T„where

) T, T) —
) T~ T, )—. —

Clearly, the b,M (or LL8) efFect must be traced back to
the presence of domain walls, whereas M(ZFC) is a pure
blllk pI'opcrty. Ill tllc Islllg lllllit, tllc wall width Is of tllc
order of one lattice spacing, hence, leading to a surface
energy per lattice site of the order J. In diluted systems
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this energy may be diminished by establishing the walls
within regions containing preponderantly nonmagnetic
impurities. In a competing anisotropy system like
Fe& „Co„C12,a similar e5'ect may arise, if the walls are
pinned at regions with high local Co + concentration. In
any case, in order to mimmize the Zeeman energy due to
the external Geld, the parallel spin pairs joining at the
wall will necessarily align with H. This configuration will
establish automatically during domain formation, and
thus store excess magnetization, hM, in the domain
walls. Since 5M cc N V, where, N ~ nR and V ~ gR 3 are
the total number of wall sites and the volume of the sam-
ple, respectively, subdivided into n domains with average
radius R, one easily finds AMER '. Deviations from
this simple relation are expected very near to T„where
the domains are fuzzy and, hence, the relation
X ~ nR may be violated.

S. Multicritind behavior

The FR measurements for x =0.20 and 0.27 reveal the
theoretically predicted crossover from spin-fiip
(x =0.20) to spin-fiop (x =0.27) behavior on increasing
x. Its origin is the decrease of the strong Ising-like an-
isotropy of FeC12 by the admixture of CoC12, which ex-
hibits in-plane anisotropy, The phase diagram for
x =0.27 [Fig. 7(b)] is very similar to that of ordinary SF
systems, e.g., GdA103, whose SF phases typically ex-
tend to temperatures beyond that of the bicritical point
(BCP), T & Tb. Somewhat unusually, in our case, the
spin-Bop phase seems to extend to even T g Tz. %e
think this to be due to the very weak anisotropy, which
characterizes the near-tricritica1 mixtures of
Fe& „Co„C12. According to Shapira, ' at the BCP the

competing easy-axis and the field-induced easy-plane an-
isotropies cancel each other. The bicritical field Hb is
essentially given by H& a:k(1—k), where k =D/J is
the ratio between the constants of the efFective uniaxial
anisotropy and the isotropic exchange, D and J, respec-
tively. Clearly, Hb-+0 for k~0, which is expected to
occur when x ~x, . Hence, in this limit the BCP,
( Tb, H& ), will shift towards ( Tz, H =0} and the
fiuctuation-induced umbilicus'6 must appear very pro-
nounced allowing for SF states being stable up to
T-1.05T~.

The phase transitions into the SF range merit some fur-
ther remarks. First of all, there seems to be disagreement
concerning their order at the AF-SF phase boundary.
Whereas our data (x =0.27) suggest rather sharp first-
order jumps [Figs. 6(b}and 8(a)], Wong and Cable report
on continuous (second-order or smeared} transitions
(x =0.275). Several mechanisms might explain the ob-
served smearing efFects: (i) demagnetization (not account-
ed for in Ref. 4) creates finite transition intervals on the
H scale [cf. Figs. 6(b) and 8(a)], (ii) concentration gra-
dients are present in the relatively large samples used for
neutron scattering and will smear all phase boundaries
of thc nllxcd system, (lll) dcvlatloil fl'olil exact paI'allcllty
of 8 with respect to the c axis may have misled the sys-
tem out of the SF shelf. Since all of these artifacts were
carefully avoided in our experiments, we presume the SF

transitions to be of Grst order.
The 0 versus T phase diagrams determined previously

by means of neutron scattering and speci6c-heat mea-
surements, respectively, were both reported to exhibit
SF phases. The {approximate) BCP coordinates, (12.5 K,
7 kOe) and (14.5 K, 5 kOC) for nominal concentrations
x =0.275 and x =0.286, respectively, when compared
with those of our x =0.27 sample, (15.4 K, 1.5 kOC),
seem to indicate that they refer to intermediate concen-
trations, 0.20 &x & 0.27 {on our scale}. Indeed, in agree-
ment with the GA theory, T& (Hb) is expected to in-
crease (decrease} on reducing the effective uniaxial anisot-
ropy, i.e., for x ~x, .

Unfortunately none of the phase diagrams of
Fe, „Co„C12reported up to this date provides evidence
for the predicted7 gradual onset of a low-temperature SF
phase, the critical end point (CEP}of which ( T„H, ), lies
on the spin-Sip phase line, i.e, , T, ~ T, . On decreasing
the anisotropy the CEP merges into the TCP, i.e.,
T,~T, ("new multicritical point" ) and eventually be-
comes a BCP. It seems to us that all the multicritical
points emerging from our x =0.20 data [Fig. 7(a)] and
from those reported by Wood and Day are TCP's
refiecting the strong-anisotropy case (a &0.5 in terms of
Ref. 7}. Neither TMCD nor light scattering' hint at an
AF-SF first-order transition at temperatures helotism T„
which decreases continuously down to T, -7 K on in-

creasing x up to x =0.29 (on the scale of Ref. 5). Both
optical techniques are expected to yield much smaller sig-
nals in the nearly homogeneous SF phase (see discussion
below) than in the coarse-grained mixed AF-PM phase.
On the other hand, neither our x =0.27 data [Fig. 7(b)]
nor those obtained by Wong et al. give hints at spin-
flip behavior above Tb (as would be expected for inter-
mediate anisotropy, 0.5&a &0.8 in terms of Ref. 7}.
Hence, these experiments seem to reflect the low-

anisotropy case (0.8 & a & 1 in terms of Ref. 7) with pure-
ly bicritical behavior as discussed above. The very ex-
istence of a CEP separating low-T SF from high-T spin-
Sip phases remains, hence, to be shown in experiments on
appropriate intermediate concentrations. Presumably
these will cover only a very small range within the inter-
val 0.20gx «0.27 on our scale.

A further point of interest is the possible relevance of
RF onto the phase boundaries of Feo $3Coo27Clz. At the
low-Geld AF-SF boundary hysteresis of the 8 versus 8
curves occurs upon field cycles [Fig. 6(b)]. Closer inspec-
tion reveals that the hysteresis loops seem to start just at
the upper bound of the demagnetization-stretched AF-SF
transition (see Sec. III B}. Hence, this may be considered
as a natural feature of the expected first-order PT. How-
ever, on decreasing 0, appreciable enhancement of the
FR persists far into the AF phase. This reminds us of the
58 e8ect found in temperature or Geld scans across the
AF-PM boundary in the RFIM regime [see, e.g., Figs.
3(b), 4(b), and 6(a}]. This was explained in Sec. IV A by
RF induced domain states with enhanced domain-wall
FR. %e believe that a similar mechanism takes place at
the SF-AF PT, where random fields due to random ex-
change and local magnetization act on the staggered
magnetization of the AF phase in the same way as at the



MAGNETO-OPTICAL PROPERTIES OF THE. . . . II. . . .

PM-AF second-order phase line. Note that the validity
of these arguments does not depend on whether the PT is
first or second order as considered above (Sec. III B}.

Imry and %'ortis predicted rounding of a Srst-order
phase transition in the presence of quenched impurities
or RF. This seems to explain the smearing of the discon-
tinuities, if any, of 8 versus H at H„(cf.Sec. III 8). It is
most efFective at higher temperatures, where the
presumed step heights gradually shrink. On the other
hand, the b,8 effect upon field cycling increases very sen-
sitively with decreasing temperature. This can be ex-
plained within the framework of the RFIM domain-state
theory of Villain, 54 who predicts the domain sizes to scale
as R cr T/h, where T and h are the temperature and the
random field, respectively. Assuming i},8ac R ' (see Sec.
IV A) one expectsi, ndeed, the largest effects for T~O,
where simultaneously also h &x M is maximized along the
AF-SF phase boundary. Quantitatively the relation

should hold, as is indeed verified for 4 K~ T g8 K in

Fig. 11. In this plot 8 and b,8 refer to the bulk magneti-
zation as measured at H„ in the upward scan and to the
excess magnetization found in the downward scan just
below H„[Fig. 6(b}],respectively. For T & 8 K, data are
lacking owing to unmeasurably small i}8values. Satura-
tion of 8 /i} 8 below T' =4 K seems to indicate tempera-
ture independence of R ~58 ' for T~O. This is in
qualitative agreement with recent theories predicting
constant minimum domain sizes in the low T limit. Our
result, T' =T, /4, is near to that given by Andelman and
Joanny, T' =T, /6. To the best of our knowledge our
data are the first to yield experimental evidence of this
prediction. Very likely the concentrated spin systems
used in this work are more appropriate towards these
ends than the diluted AF, which are known to exhibit ad-
ditional impurity pinning efFects. ' '

The high-field SF-PM transitions of Fe0 25Co0 27C12 are
very clearly rounded [Figs. 6(b) and 8], such that H, 2 be-
comes ill-de6ned as discussed in Sec. IIIB, Similar
rounding was found by Ito et al. at the SF-PM transi-

F 0.15N O. s5C12' This mixture, as well, exhibits Si

ordering and has a near-tetracritical concentration ratio.
RF elects were invoked to explain the rounding in that
case. 'The experimental data, however, seem to be in
confiict with two characteristic features of RF transi-
tions: (i) FC usually afFects merely the critical behavior
and should, hence, produce rounding only in a very small

range around the critical point, ~H/H, 2
—1

~

510
say; (ii) the FC induced domain state usually gives rise to
enhanced magnetization [Figs. 3(b) and 4(b)] as discussed
above. Assuming qualitatively the same results upon iso
thermal field cycles (field decreasing corresponding to
FC},both characteristics are not met in the present case.
Rounding occurs in the large range

~
H/H, 2

—1
~
5 10

and hysteresis is lacking at a/i temperatures,
T(T& ——14.8 K. We are, hence, rather inclined to attri-
bute the observed rounding preponderantly to random
anisotropy efFects. These were treated in the case of
thermally driven PT's at 0=0 by Oku and Igarashi, 3

who predict increased smearing with increasing ofF-

diagonal anisotropy energy. DifFuse phase transitions as
a consequence of runaway fixed points are expected. In-
creasing roundings of the M versus H curves at H, 2 of
Fe, „Ni„C12 (Ref. 28) on decreasing x from 0.85 to 0.50
seem to support this view.

It should be noted that the random anisotropy mecha-
nism does not primarily involve domain states, which
were nevertheless evident from neutron scattering of the

Si components in Fe0 725Co0 27,C12 by Wong and Cable.
We believe this to be due to the now well-known' three-
fold intraplanar anisotropy, which becomes apparent in
all phases involving finite Si components. Very small

domains are expected in the limit of vanishing internal
strains. In our opinion there is no a priori evidence for
the RF xy-model nature of the SF phase as proposed pre-
viously. In particular, RF e8ects can scarcely account
for one yet unexplained feature of the SF phase, the de-

crease of gf with increasing T [Fig. 6(b), 8]. Presumably,
this is another effect of the off'-diagonal spin interactions
and may be connected with the unusual OAF ground
state at H =0 and T 5 13 K." Note that the H =0
state is purely S)~ ordered at T& 13 K (Fig. 1). Hence,
random anisotropy effects are not expected to afFect the
AF-PM transition in the low-H limit, thus preserving its
pure RFIM character [Fig. 5(b)].

2.5 5.0

Temper atur e (K)

FIG. 11. (&'/58) vs Tobtained on Fe~i,C002iC12 upon iso-

thermally cycling around the SF field H, &
[see Fig. 6(b) and

text], best fitted to Eq. (g) within 4 K & T & 8 K (solid line).

In accordance with the FA proposition (Ref. 6), the
mixed uniaxial antiferromagnet Fel „Co„C12, x
&x, -0.28, exhibits similar RFIM properties as diluted

systems like Fei „Zn„F2 (Ref. 9) and Fe, „Mg„C12 (Ref.
18}. This refers most notably to the now classical values

of the exponents, $-1.40 and a-0, obtained in the low-

field limit. Owing to the similarity of the isotropic ex-

change constants of both FeClz and CoC12, the strength
of the RF is fairly weak. This explains the large exten-
sion of the crossover range. It would be interesting to
study related systems, involving larger di8'erences of the J
values. For example, in Fe, „Ni„C12 more important
random field effects and a smaller crossover range are ex-

pected.
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In Fe, „Co,C12 the attention is much more focused
onto the spectacular efFects due to "tuning" of the
emective uniaxial anisotropy by admixture of Co + ions
into Fecl2. In Selds of the order of the anisotropy field

the most remarkable issue is the x dependent crossover
from IQetamagnetlc to SF behavior due to the competi-
tion of the single-ion anisotropies involved. The concen-
tration x =0.20 snd 0.27 used in the present investiga-
tion, seem to bracket the crossover range predicted
theoretically. Up to now no hint at the mixed phase dia-
gram with SF behavior at low temperatures and spin-flip
behavior at higher temperatures has been found.

Metastable domain states are evidenced by enhanced
magnetization, b,M, appear upon crossing the PM-AF
and the SF-AF phase boundaries from high temperatures
(H=const} or high fields ( T =const), respectively. Very
probably, b,M is concentrated on the induced domain
walls, which are believed to be particularly Co + rich.

Domain size 8 versus T predictions could be confirmed
indirectly for the first time.

The marked smearing of the SF-PM phase transition
hints at random anisotropy elects, which seem to
hamper the oblique spin ordering' in the SF phase. We
believe that random-Seld e8ects are of minor importance
at this phase boundary. The domain state found in the
SF phase msy solely be explained by magneto-elastic
elects, which arise in the space group 3Am whenever ob-
lique spin ordering occurs. '
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