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We present a concept for the search for optical effects which indicates a violation of time-reversal
symmetry in high-T, superconductors. The idea is to investigate the reaction of the material on a mag-
netic field in a magneto-optical transmission experiment. Below 150 K an annealing field of 400 Oe in-

duces an optical quantity which remains after the field is switched off and which depends on the sign of
the field. This signature of broken time-reversal symmetry is confirmed in fields up to 50 kOe. Our re-
sults are consistent with a phenomenological theory which takes into account the presence of strains in
films. The strains enable a switching of antiferromagnetic domains by magnetoelastic interactions. This
interpretation is supported by the dependence of the optical response on iHi.

I. IN iRODUcTION

Current interest in effects which are a signature of a
violated time-reversal ( T) symmetry in high-T, supercon-
ductors arises from stimulating theoretical ideas, in par-
ticular from the anyon model. ' Wen and Zee pointed
out that spontaneous Faraday efi'ects are a signature of
broken T symmetry. However, the first experiments
yielded positive ' as well as negative results. On
theoretical arguments it was suggested that in the case of
two copper oxide planes in a unit cell of high-T, materi-
als the order of the gauge field will be of "antiferromag-
netic" type. In this case no simple spontaneous Faraday
effects can be expected. Dzyaloshinskii argued that the
symmetry of YBa2Cu307 „with anyon layers is
equivalent to the symmetry of a spin antiferromagnet and
indicated a magnetoelectric effect at optical frequencies.
Attempts to explain conflicting results by this effect '

finally failed. In addition, Spielman et al. obtained with
an optical gyroscope null results in transmission ' and
reflection. " The magnetoelectric effect is observable
only in refiection. Thus, the results of Spielman et al.
show that in their experiments no magnetoelectric effect
appears. Recently Lyons et al. ' reported positive and
negative results depending on the sample. A check of the
same sample in the apparatus of Spielman et al.
confirmed the existing discrepancies. Lawrence, Szoke,
and Laughlin' reproduced the experimental techniques
of Lyons et al. and observed no sign for broken T sym-
metry.

The seemingly contradictory results in the search for
spontaneous effects suggest that either in measurements
with positive result an uncontrolled influence of recipro-
cal optical effects is present or in measurements with neg-
ative result the observability of nonreciprocal optical
effects is quenched. Tests of the apparatus are always re-
ported, most extensively by Lawrence, Szoke, and Laugh-
lin. ' Tests on quenching have never been mentioned.
This partially discredits the arguments for null results.
The results reported by Lyons et al. ' indicate that the

origin of discrepancies is not simply a problem of the ex-
perimental setups.

The impression of a complex behavior of
YBa2Cu307 „arises also from investigations in our labo-
ratory. Evidence for broken T symmetry was concluded
from the influence of a static magnetic field on optical
quantities which could be reciprocal and/or nonrecipro-
cal. Measuring the ellipticity induced by a small static
field in a film, one of us' observed an anomalously strong
response in the temperature range from 100 to 150 K
with a peak near 110 K. However, in a systematic study
of magnetic circular dichroism (MCD), Kerr rotation,
and Kerr ellipticity with alternating magnetic fields, we
observed no remarkable dependence on temperature. '

In nearly all situations where a new phase nucleates
(phase transition, crystal growth) the size of domains de-
pends on the duration for passing the transition tempera-
ture and on experimental details such as temperature gra-
dients, external forces, etc. In the search for spontaneous
nonreciprocal effects, researchers do not know the tem-
perature where broken T symmetry may occur, and also
the behavior of anyons in a real experiment is not well
known. From remarks about the stability of their
reflection apparatus one has to conclude that Spielman
et al. "cool the sample to low temperatures in about half
an hour. This cannot be considered to be the best pro-
cedure to avoid quenching. Thus, the reported negative
results do not necessarily disprove the existence of spon-
taneous nonreciprocal optical responses in high-T, ma-
terials. On the other hand, the appearance of spontane-
ous effects is always difficult to control, not only in the
present case. Therefore, an experimental procedure with
a higher potential for reproducibility and controlled han-
dling is needed. For two reasons a promising alternative
is the search for optical quantities induced linearly by an
external magnetic field. First, they can be an intrinsic
signature of antiferromagnetic ordering. Secondly, in the
presence of defects which break the local symmetry the
external field can switch antiferromagnetic domains.

Our concept is outlined in Sec. II. We consider the op-
tical properties which are allowed by the symmetry of
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YBa2Cu 307 with an antiferromagnetically ordered
anyon structure. Taking into account the strains which
are present in a film, magnetoelastic interactions also be-
come allowed. The connection of the field with elasticity
points the way to discriminate between magneto-optical
responses originating in a broken T symmetry and MCD,
which exists independently of any magnetic ordering. As
is known from measurements of internal friction, '

YBa2Cu307 shows anelastic relaxation peaks at several
distinct temperatures. If a magnetic field is able to cou-
ple to anelastic processes, relaxation mechanisms can be
visible in magneto-optical measurements, too. In the case
of long relaxation times, different results can be expected
for static and alternating fields. These considerations and
previous observations of anomalous responses in static
fields ' motivated us to study systematically optical
properties under several experimental conditions. From
the considerations in Sec. II we conclude that optimal
conditions for detecting a signature of broken T symme-
try are obtained by slow cooling in a static magnetic field.
With the experimental setup described in Sec. III, a sta-
bility of 1 prad over a period of 12 to 15 h is achieved.
The applied fields are small ((400 Oe). For an experi-
ment in high fields (up to 50 kOe) a slightly modified ap-
paratus is used. The importance of demonstrating the
correct working of the apparatus has already been men-
tioned above. Therefore, we include a discussion of
misleading effects and the results of test measurements in
Sec. III. In Sec. IV the violation of T symmetry is
demonstrated by two independent effects. Some further
results support our phenomenological theory. In the
light of present investigations we briefly discuss in Sec. V
reasons for seemingly contradictory results.

II. GENERAL CONSIDERATIONS

@ij=eij+«rjk&k ~

where e, .
k is the Levi-Civita pseudotensor. Whereas the

symmetric part c,,j. is an i tensor, 9; can represent a c as

we11 as an i vector. To distinguish between both contri-
butions we relate the part which is invariant under T
operation to the wave vector k:

9;=G +g k (2)

Here g,.
' is a signature of a structural chirality. G,-' and

g,.-k result in nonreciprocal and reciprocal circular opti-
cal effects, respectively. G; exists only in materials exhib-
iting a magnetization M. To obtain a signature of broken
T symmetry in antiferromagnetic crystals with M=O,
Eqs. (l) and (2) have to be extended. This can be done by
considering the effects of external forces on c, and 9;.

A. Optical c tensors

The characteristic feature of a material with broken T
symmetry is the appearance of c tensors which describe
the magnetic properties. ' In the case of optical proper-
ties the fundamental quantity is the dielectric tensor 8; .
Its antisymmetric part can be reduced to the axial gyra-
tion vector 9:

Here we take into account a magnetic field H and elastic
strains S; . In the following we will use the notation with
contracted indices for s,. and S; (e;, =Ek and S;, =S„
with k = l —6). Due to Onsager's principle' the product
of a c tensor and an i (c) tensor is a c (i) tensor. With this
rule and a similar one which holds for the product of po-
lar and axial tensors we obtain the following relations up
to second order in H; and S, :

G =G; '+(f JHJ')+a;'~S/+(f, &kH'Sk)

—'jk —j—k —'jk j k

E; =(e; )+p'i''+ (pic )+t3'zkHi'Sk

+ (p;&kH&'Hk )+ (p j&SJSk ),
g; =g j+(P~~jkHk )+~; kSk+( Yi klHkSI ')

+ 'jk+kHI +

(3a)

(3b)

(3c}

G3 =f33H3+f3i; HiS;

&6=&6+P66S6+P 6s4SsS4+5'66 S6S0

(4a)

(4b)

(4c}

for i =1,2, 3.
From Eq. (4) at once two problems arise. The first is

Here all quantities without the superscript c denote i ten-
sors; axial tensors are indicated by letters with underbars.
In the following, notations are used without the explicit
distinction between different kinds of tensors. For study-
ing the restrictions imposed by symmetry on the ex-
istence of physical properties we follow the proposal by
Dzyaloshinskii. He suggested that in the presence of
anyons the symmetry is equivalent to that of a two-
dimensional spin system in the copper oxide planes. In
this sense of equivalence our usage of quantities like
"magnetization" or "antiferromagnetic order" should be
understood. For the expected antiferromagnetic order,
the magnetic point-symmetry group (MPSG) of
YBa2Cu307 „ is m'm'm'. Applying these space-time
operators to Eq. (3), only the terms in parentheses sur-
vive. Some additional restrictions are imposed on the ex-
istence of distinct tensor components. In Eq. (3) all opti-
cal quantities and coefFicients of the material are com-
plex. The indices are referred to a coordinate system
with axes x, ,x2,xi parallel to the crystallographic axes

a, b, c of YBa2Cu307
Equation (3) shows that the only optical quantity

which can give a signature of broken T symmetry is g;
induced by a magnetic field and/or by a coupling of field

and strain. As g; results in a reciprocal circular optical
effect it can be observed in transmission only. Thus, for
an optical experiment the sample has to be a film. For
practical reasons the magnetic field and the light beam
are chosen parallel to the film normal. In a e-axis-grown
film this is the only well-defined crystallographic orienta-
tion. Due to the random orientation of a and b axes,
linear anisotropies are averaged out on a macroscopic
scale. Considering only contributions which can be ob-
served with the experimental setups described in the next
section, Eq. (3) reads for MPSG m 'm 'm ' explicitly
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the discrimination between a field-induced g33 (Eq. 4c)
and the usual Faraday effect (Eq. 4a}. The second is the
occurrence of antiferromagnetic domains. Due to a re-
versal of all internal magnetic moments, the c tensors in
Eq. (3) can be positive or negative. To handle both prob-
lems we take into account the presence of defects in films
and the rather uncommon elastic properties of
YBa2Cu307 „. In the following sections the ideas for ob-
taining optimal experimental conditions to detect broken
T symmetry are evaluated.

B. Influence of defects

Figure 1 shows two idealized standard situations for
YBa2Cu307 „grains grown on a MgO substrate with
orientation I100I. In Fig. 1(a} it is assumed that due to
the epitaxial growth at the substrate-film interface the
lattice constants a and b of the grain are equal to the lat-
tice constant aM~O of the substrate. As aM is about
10% larger than g=(a+5)/2, the order of magnitude
for the strains in films can be 0.1. Towards the free face
of the film a linear decrease of the deformation is as-
sumed. As a consequence the mirror plane perpendicular
to the c axis is destroyed. Figure 1(b) shows a similar
grain as Fig. 1(a) but as a crystallographic twin. In prac-
tice twinning appears in all grains. The twin boundary is
used as the reference line which exhibits a minimum of
deformation. In this grain all mirror planes are des-
troyed, leaving an opposite sign of chirality in the two
twins.

As the grains are small and their number is large in a
film, the reduction of symmetry cannot be neglected. Its
inhuence on optical properties can be taken into account
by associating the grains in Fig. 1(a) and 1(b) with the
efFective MPSG's m'm'2 and 2. Another approach is to
leave the MPSG m 'm 'm' unchanged and to consider the
efFect of the strains and the gradient of strains which are
visible in Fig. 1. From the point of view of symmetry
both approaches are equivalent but the latter seems to be
more conclusive.

The defect model in Fig. 1(a) is characterized mainly
by the strains S&,S2,S4,S5 and the gradients
BS, /Bx3, BS3/Bx3. The most important consequence is
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FIG. 1. Simple models of YBa2Cu30& „grains grown on
MgO. aM~ is the lattice constant of MgO. g is the average of a
and b lattice constants of YBa2Cu307 „,5g half its difference,
and N the number of unit cells involved.

the appearance of new efFects which are a characteristic
sign for broken T symmetry:

63 =a3,3(BS;/Bx3),

T =5.;" (BS,. /Bx )H

(Sa}

(6a)

for i =1,2;j =1,2, 3.
Here T- denotes stresses and a3'3 5 j33 are c tensors.J

The additional features in Fig. 1(b) are a strain S6 and a
twisting about x3. %e describe the latter by the axial
tensor component Q33 Bc03/Bx3, where ~3 is the rota-
tion of unit cells about x. The new effects described by c
tensors are

s6 l 6333Q33 3

T6 ~6333~33 3

(5b)

(6b)

C. Connection between magneto-optical effects
and elastic properties

YBa2Cu307 „exhibits some unusual elastic properties.
Here we point out its strong nonlinear elasticity and the
presence of slow anelastic-relaxation processes at low
temperatures. '6 Nonlinear elasticity is defined by the
coef6cient c in the stress-strain relation

T =cS+c S

where the tensor character has been neglected. From the
dependence of the velocity of ultrasonic waves on hydro-
static pressure, a magnitude of c'/c= —300 has been
concluded. The magnitude of strains at the interface
can be up to S=0.1 (see Sec. II B}. Inserting these values
into Eq. (7} shows the importance of nonlinear contribu-
tions in films.

Below about 250 K elastic constants show a hysteresis
for cycles of cooling and warming and at constant tem-
peratures the elastic response drifts on a time scale of
minutes. Connected to these phenomena are slow re-
laxation processes. Above T, measurements of internal
friction in ceramics peak mainly near 220 and 115 K. '

Due to the magnetoelastic interactions given in Eq. (6),
H3 induces a stress T, ( T6 } which meets the spontaneous
strain S, (S6). The product T';S; (T6S6) reduces the de-
formation energy only for one sign of 5;J33 (1T6333). Thus,
all antiferromagnetic domains with the wrong sign will
tend to be switched. This correlates the sign of
5 J33BS;/Bx3 and a3;3BS;/Bx3 (n6333Q33 and p6333Q33) for
all domains to the sign of the external field and homogen-
izes the optical response of the sample. This is our basic
idea for making the presence of an antiferromagnetic
structure visible.

The defect models presented in Fig. 1 are not the only
origin for the loss of the center of symmetry which re-
sults in the additional effects given in Eqs. (5) and (6). A
defect which does the same is the spiral growth of
grains. ' Furthermore, there is experimental evidence
that the absence of a center of symmetry can be an intrin-
sic property of the structure, at least at low tempera-
tures. The existence of monoclinic strains (S4,S3,S6)
in films has already been shown by x-ray diffraction. '
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In single crystals the peak at 115 K is slightly shifted to-
wards higher temperatures. The peak near 220 K is ob-
served also in Cu20. Its origin seems to be a structural
phase transition as shown by a jump in the elastic con-
stants. There is no commonly accepted interpretation
for the peak near 115 K.

In a film stresses are generated mainly on the
substrate-film interface. Their impact on the grains is the
deformation shown in Fig. 1. Roughly speaking, the
effect of both phenomena, nonlinear elasticity and anelas-
tic relaxation, is the same. They increase strains com-
pared to a simple linear elastic response, which in turn
enhances all optical effects where strains are involved.
Strains appear in Eqs. (4} and (5). Only in the presence of
an antiferromagnetic structure can stresses be induced
linearly by an external field (Eq. 6). If these stresses are
transformed into strains by slow relaxation processes, the
linear magneto-optical effect is enhanced and can be
different for static and alternating fields. This is our idea
for discriminating between magneto-optical responses
based on a magnetic structure and the usual Faraday
effects.

As a first step it is necessary to verify that in alternat-
ing fields only Faraday effects are observed. With a mag-
netic field alternating at a frequency of 800 Hz and with
an amplitude smaller than 400 Oe we have determined
magnetic circular dichroism in transmission and Kerr el-

lipticity and Kerr rotation in reflection. A full descrip-
tion of these experiments is given elsewhere. ' The three
independent measurements enabled a consistency check
which verified that the real part BG3/dH3 and the imagi-

nary part BG3'/dH3 of the Faraday effect were observed.
Neither in transmission nor in reflection was any anoma-
lous dependence on temperature detected. Magnetic cir-
cular dichroism exhibited a slight linear increase with
temperature, which is in accordance with results reported
by Krichevtsov et al. Furthermore, we found that the
magnitude of MCD determined on films which were
prepared in three different laboratories was the same.
From these investigations we are sure that in sample A
(see Sec. III A) at 150 K the MCD is

Bo NR/BH3 =2+0.2X 10 rad/Oe .

D. Consequences for experiments

We have tried a rough estimation for a field- and
strain-induced reciprocal circular dichroism (Eq. 4c) by
considering the magnitude of similar effects shown by
other crystals. Strains are present in the film (Sec. II B),
and strain-induced optical activity was reported for Na-
C103. Magnetic-field-induced linear birefringence was
observed in the antiferrornagnet CoF2 (Ref. 30) and circu-
lar and linear birefringence differ typically by a factor
a/A, , where a is an intermolecular distance. With these
ingredients we obtain for a film of 300-nm thickness a re-
ciprocal circular dichroism of 10 —10 in a field of 1

kOe. This order of magnitude is terribly small. It indi-
cates that a signature of broken T symmetry can be ex-

pected only if two favorable conditions are met simul-

taneously. These are a potentially large effect of the anti-

ferromagnetic system and extraordinarily large strains.
In our present experiments samples are annealed in a

magnetic field to utilize slow relaxation processes. This
needs a high stability of the apparatus. Furthermore, our
experimental setups are able to detect all optical proper-
ties given in Eqs. (4b) and (5) but suppress substrate
effects. As shown by Eq. (3) a proof for the existence of c
tensors is a reciprocal optical quantity induced linearly

by a magnetic field. However, in a transmission experi-
ment on a film it is difFicult to identify the reciprocal
character of an optical quantity. Furthermore, our phe-
nomenological theory does not allow us to predict what
will be the leading effect. Therefore, it is not useful to
neglect quantities which might appear. Nevertheless, we

need clear experimental signatures to identify broken T
symmetry.

The basic optical quantities we are concerned with are
circular birefringence p, circular dichroism o, linear
birefringence g, and linear dichroism p. Furthermore, we

have to take monoclinic deformations into account. As a
consequence the principal axes for g and p differ from the
crystallographic a, b axes by the angles g and g, respec-
tively. In the approximation that each optical anisotropy
can be described in the absence of the others we obtain
the following connection to the tensor components in

Eqs. (4) and (5):

PNR (~ / ) 3 (9a)

o NR=(mL/n "A, )G3', (9b)

g tan2(=(mL/n'A, )E6, (10a)

p t na2$=(mL n/"A)e6' . , (lob)

Here single- and double-primed quantities correspond to
the real and the imaginary parts of n, G3, and c.6. L is the
thickness of the sample and n is an average refractive in-

dex. Reciprocal pz and 0& are obtained by a replace-
ment of G3 with g33k3 In a real medium single- and
double-primed quantities are mixed. This, however, does
not change the principal relations.

As we use a rather large laser spot in our experiments
and with reference to remarks above about the magnitude
of the properties, it is reasonable to assume that if an
effect is observed the field has already switched the anti-
ferromagnetic domains. In the presence of spontaneous
strains, Eqs. (Sa) and (9) show that a spontaneous crN„
survives after the field is switched off. The sign of this
spontaneous effect has to depend on the sign of the field

applied before. In Eqs. (4c) and (Sb} the sign of the c ten-
sors depends on the sign of H and the optical response on
the magnitude of H. This results in a dependence of O.z
and p tan2$ or g tan2( on ~H~, which is another signature
of broken T symmetry. Additional evidence arises from a
possible enhancement by anelastic-relaxation processes,
which should result in a specific dependence on tempera-
ture and in a magnitude of optical responses to H which
is larger than the value given in Eq. (8).
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III. EXPERIMENTAL TECHNIQUE

A. Samples

(a)

Measurements were carried out on two c-axis-oriented
YBa2Cu307 „ films. For both samples the substrate is
MgO of thickness 1 mm. Sample A was used for mea-
surements in low fields only. The thickness of the film is
300 nm and its T, is 85 K. The substrate is wedge shaped
(wedge angle 4') which avoids interferences in the sub-
strate but introduces a small linear dichroism of 0.1

mrad.
Due to simple geometric reasons it was not possible to

use a wedge-shaped sample for the measurements in high
fields. Therefore, the substrate of sample B is plane
parallel. The film shows a T, of 90 K and the thickness is
220 nm. In addition to the measurements in high fields,
sample B has also been used in one low-field experiment
in order to check the main results obtained with sample
A.

As we are searching for a signature of an antiferromag-
netic state, it is important to verify that the samples are
not contaminated by the tetragonal phase (x &0.5)
which is known to be antiferromagnetic. A separation
into a metallic and an insulating phase can happen due to
some content of hydrogen, which in principle can be ad-
sorbed by the samples from air. Although it is rather un-
likely that a small amount of hydrogen is able to create
an ordered antiferromagnetic state on a macroscopic lev-
el, we have checked this by absorption measurements be-
tween 1 and 6 eV. A characteristic feature of the tetrago-
nal phase is a strong absorption peak near the photon en-
ergy of 4 eV. ' In addition we have measured absorption
in the near-infrared region (2700—3200 nm) where the
typical OH bands appear. From both kinds of measure-
ments we obtained no hint of the presence of the tetrago-
nal phase. Furthermore, the magnetic susceptibility of
the tetragonal phase exhibits a strong 1/T dependence.
This should be visible in the temperature dependence of
the MCD, too. Indeed it is observed in samples prepared
in a wet atmosphere. Our samples do not show any in-
crease of MCD towards low temperatures. '

B. Experimental setups

1. Apparatus A

The experimental setup used for low-field measure-
ments is shown in Fig. 2(a). In order to achieve a high
stability as few optical elements as possible were used.
The lens focuses the light beam only slightly. The diame-
ter of the beam at the position of the sample is about 90
pm. The coil which produces the magnetic field is incor-
porated in the cryostat and it is cooled together with the
sample. For fields smaller than 400 Oe the cooling power
of the cryostat is sufficient to avoid a noticeable warming
by the currents. The electro-optical modulator is driven
at the frequency v= 1.3 kHz. At the same frequency the
change of intensity I(v) detected by the photodiode is
recorded by lockin techniques. The total intensity is
measured simultaneously.

The modulator is a thin (thickness 1.5 mm) plane-

Laser L P EOM PD

(b)
2m 3m

Laser P L X/4 FC A PM

X~ ~~x

FIG. 2. Schematic setups for (a) low- and (b) high-field exper-
iments. L: lens, P: polarizer, EOM: electro-optical modulator,
S: sample, PD: photodiode, A, /4: quarter-wave plate, FC:
Faraday cell, A: analyzer, PM: photomultiplier; y and 4
denote the orientation of the quarter-wave plate and the
analyzer, respectively.

The second term is a consequence of monoclinic deforma-
tions. For small angles g, g it is approximately propor-
tional to

(nL/A, ) s6—. E6'
n' n"

Both terms in Eq. (11) can appear only for an absorbing
material. Thus, the influence of the substrate is strongly
suppressed. Equation (11}contains neither g nor p as
separate terms. Therefore, all linear anisotropies which
can be introduced by imperfect optical elements (sub-
strate, cryostat windows, lenses, polarizers) and which
are subjected to the conditions of the environment (tem-
perature drifts, mechanical vibrations) contribute to the
signal only in second order. As a consequence, the
influence of changes of the parasitic effects is strongly

parallel (001) plate made from a large KHzPO4 (KDP}
single crystal. The light wave is traveling along the opti-
cal axis and a longitudinal electric field induces a
birefringence g =g Ocos(2mvt) that is parallel to the
crystallographic [110]direction of KDP. Its [100]axis is
parallel to the x axis of the laboratory system shown in
Fig. 2. The electro-optical effect results in a modulated
ellipticity of the originally linearly polarized wave. The
modulation amplitude is 35 mrad which is determined by
introducing a quarter-wave plate and an analyzer be-
tween the modulator and the detector. A larger modula-
tion amplitude requires a higher field, which reduces the
stability of the modulator.

Our calculation of the optical transfer matrix of the
film is based on Jones calculus with definitions reported
previously. As the linear birefringence g and linear di-
chroism p of each grain are large, terms up to L (L be-
ing the thickness of the film) for linear anisotropies have
been considered, whereas for p and cr only terms linear in
L are kept. Assuming an ideal modulator we obtain for
the normalized intensity I(v) which oscillates at the fre-
quency of the modulator:

I(v)= —[o+pg sin(2( —2()]4g (v) .
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suppressed. This guarantees that I(v) can be detected
with high stability.

In practice the modulator is not ideal. As it is thin a
quite exact preadjustment of its optical axis parallel to
the wave vector is possible. The residual misfit results in
a small birefringence g, with the orientation g, . The
transfer matrix which is obtained by superposing g, with
the electric-field-induced birefringence g is given in Ref.
34. The interaction between g, and the linear dichroism

p of the film can be neglected because of the random
orientation of grains. However, there exists a linear di-
chroism p of the wedge oriented at the angle g =0. In
addition, under the action of a magnetic field the sub-
strate exhibits a Faraday rotation pM~D which is much
larger than all effects of the film, and its influence on I (v)
has to be considered in detail. Taking these parameters
into account we obtain in addition to Eq. (11) the parasi-
tic signal

I(v)~ = —[p g, sin2(, +p~g, pMgo sin2(, ]Sg~(v) .

(12)

The different contributions to the signal detected by ap-
paratus A of Fig. 2(a) may be abbreviated as

(13)

2. Apparatus B

The experimental setup used for measurements in high
fields is shown in Fig. 2(b). The incoming light wave is
polarized along the x axis of the laboratory system. The
cryostat is in the center of a Bitter magnet. The rotation
O and the ellipticity e induced by the sample and by the
cryostat windows are assumed to be small. A principal
axis of the quarter-wave plate is nearly parallel to the x
axis. The Faraday cell is driven at the frequency v=130
Hz with an amplitude of rotation of 1.5 mrad. When the
azimuthal position 4 of the analyzer satisfies the condi-
tion I (v) =0 then

4o=( e+y 85)—l(1 —b,——28 ),
where 6 is the error parameter of the quarter-wave
plate. With the anisotropy parameters in Eqs. (9) and
I,'10), the ellipticity of the film is given by

es& =o +pg sin(2g+2g+4a) —g sin(2$+2a), (14)

where a measures the orientation of the a axis of a grain
with respect to the direction of light polarization. In a
film the last term is averaged out but we cannot neglect
other sources of linear birefringence. Collecting all error
parameters in the term e, including y and 6 of the
quarter-wave plate, the observed ellipticity can be written
as

where g~o is the modulation amplitude. In Eq. (13), o N„
(ua } denote the nonreciprocal (reciprocal} circular di-
chroism, oM represents the monoclinic term of Eq. (11),
and cr is the sum of the parasitic effects given in Eq. (12).

Again, o is o.
NR or o ~. Notice that the term

oL&=pg sin(2(+2g+4a), which describes the influence
of linear anisotropies, is not identical with the monoclinic
term o.

M measured with apparatus A. For small angles

g, g, o „~ is approximately proportional to

(m.L/A, ) c&+ e6' cos4a+ pg sin4a ~ .
n' n"

e arises from the interaction of the Faraday rotation
8FR of the substrate and the cryostat windows with the
error parameters of the optical elements. Those of the
quarter-wave plate, y and 6, have already been men-
tioned. A second source for misleading effects is the
strain birefringence go due to the substrate which may
have the arbitrary orientation go. Finally, there is the
conversion of OF& into ellipticity by interferences in the
substrate and the windows. These contributions to the
error parameter e contain a spontaneous and a field-

dependent part. In the high-field experiments, we are
only interested in the effect which depends on H for con-
stant temperatures. Therefore, e is rescaled to zero be-
fore the field is switched on. The field dependence of e
can be shown to be

e = [b, +go cos2(o+2c' sin(25L')+2c" cos(25L')]8FR

+ [2y+0. 5go sin2(p]8FR, (16)

where c =c'+ic" is a complex reQection coeScient and
5L' is the phase retardation of the wave in a transparent
medium of thickness L'. It should be noted that Eq. (16)
represents average effects of the substrate and both cryo-
stat windows. 5L' of the substrate depends on tempera-
ture, which causes an oscillation of ez.

C. Test measurements

1. Apparatus A

Equation (12) shows that the linear dichroism p„of the
wedge reacts with the residual linear birefringence g, of
the modulator. In fact, g, can be considered to be the
sum of all birefringences (cryostat windows, substrate,
modulator) in the beam. The same holds for p . To con-
trol these error parameters at one edge of sample A a 1-
mm-wide stripe is not covered by the film. By a small
shift of the cryostat this part can be measured. Adjusting
the modulator o.

&
is minimized. In this position a field of

400 Oe, which produces a Faraday rotation of 0.4 mrad,
does not affect I(v) within the sensitivity of about 0.5
lurad. Thus, the last term in Eq. (12) can be neglected.

Repeating this procedure several times I(v) repro-
duces within a limit of only 8 grad. The same procedure
with a spot near the center of the sample, where it is
covered by the film, results in a reproducibility of 1.7
prad. We attribute the better reproducibility on the filxn

to a more homogeneous strain birefringence of the sub-
strate near its center than at its edges and to a smoother

e=o +pg sin( 2g+ 2/+ 4a }+e~ =o NR+ o ~ +o L~+ E~ .

(15)
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surface of the sputtered film compared to the polished
substrate. From the above results we conclude that the
limit for absolute determination of film parameters is 8

prad but that relative changes can be detected more accu-
rately. This point is tested with a EuS film. EuS exhibits
a strong magnetic circular dichroism at the wavelength
A, =633 nm with a paramagnetic dependence on tempera-
ture. At room temperature O.,l is adjusted to less than
1 grad. As shown by the zero-field values in Fig. 3, cr,ff
does not change with temperature. Thus, the apparatus
is stable. The values taken under applied field follow a
Curie-Weiss law, demonstrating that the apparatus works
correctly.

U

O. i—
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0.0
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2. Apparatus B

As shown in Eq. (14) the apparatus B for measure-
ments in high fields detects also linear birefringence. As
a consequence it is less stable than apparatus A. On the
other hand, apparatus B is used for determining the field
dependence at a constant temperature and there is a need
for stability only for the time the field is applied. A test
measurement performed at two different temperatures is
shown in Fig. 4. For the period of a field run the ap-
paratus is stable. The average error is about 50 grad.

In order to identify the misleading influences of the
Faraday rotation [Eq. (16)], 8Fa must be determined.
For these measurements the apparatus is modified, which
can be done in two ways. In the first configuration the
quarter-wave plate in Fig. 2(b) is removed. The extinc-
tion position of the analyzer [I(v)=0] is then given by

4o= [1+2c'cos(25L') —2c"sin(25L')]8F„.

which contains the interference term in a similar way as
Eq. (16). For the second configuration, at first 4o=0 is
adjusted and then the Faraday cell and the quarter-wave
plate in Fig. 2(b) are interchanged. Rotation of the
quarter-wave plate to the position where I (v) =0 yields

go=(1 —26)4o .

Figure 5 shows results for both kinds of measurements
performed at 91 K. The slopes d4&/dH and dye/dH are

FIG. 4. Test measurements of e using setup B. + and —in-

dicate times where a field of 50 kOe has been applied. The field

was turned off before the next data point was taken. The error
bars represent the scatter of the data.

slightly different. This difference enables a determination
of the error parameter of the quarter-wave plate
(b =0.016+0.009).

d@o/dH =1.69+.01 turad/Oe

is a measure of 8FR of the substrate and the windows. In
addition, Fig. 5 presents results obtained at room temper-
ature without cryostat windows.

d@o/dH =0.91+0.02 Israd/Oe

is the Faraday rotation of the substrate, which agrees
well with data for MgO from literature. The smaller
effect of the windows is mainly due to their position at
the ends of the magnetic coil where the field is smaller
than at the center. The Faraday rotation is determined at
several temperatures to obtain the amplitude of interfer-
ence oscillations, the strain birefringence of the substrate
is measured, and the accuracy for the adjustment of the
quarter-wave plate is checked. From these data we are
able to estimate the systematic error which can be intro-
duced by the Faraday rotation in a measurement of the
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FIG. 3. Test measurements of o NR on a EuS film using setup
A. The lines represent a fit according to O'NR=o'0+C/(T'
K).

FIG. 5. Test measurements of 4o (~ ) and yo (0) at 91 K us-
ing setup B. The ~ show 40 for room temperature measure-
ments without cryostat windows.
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field-induced ellipticity. The result is

5m~ =+0.06(farad/Oe)H+0. 05 X 10 ' (rad/Oe )H

Notice that the value of 0.06 grad/Oe is mainly due to
the interference term and, therefore, at most tempera-
tures it will be smaller. Figure 6 presents e of
YBa2Cu307 „on MgO as a function of H for 180 and 93
K. Each symbol represents the average of two values,
one taken on increasing and the other on decreasing the
field strength. In almost all cases the difference of the
two values is smaller than the size of the symbols in Fig.
6. The average error, the linear, and the quadratic
response are 10 (22) grad, —0.001 (0.012) grad/Oe, and
—1.2 ( —2.2)X10 ' rad/Oe for 180 (93) K. For both

temperatures the average errors and the linear slopes are
compatible with the data given in Fig. 4 and in Eq. (17),
respectively. This is not the case for the quadratic terms.
Thus, we conclude that YBa2Cu30~ „exhibits an intrin-
sic nonlinear magneto-optical effect.

IV. RESULTS AND DISCUSSION

If not stated otherwise, all measurements in this sec-
tion have been performed with the sensitive apparatus A
on sample A. We start with experiments which demon-
strate the existence of monoclinic strains and of extraor-
dinary optical responses to static fields.

A. Spontaneous e8'ects

U

E 2

H (kOe)
30

FIG. 6. Test measurements of the ellipticity e,s at 180 K (0)
and 93 K (~ ) using setup B.

In a first run e,z is adjusted to a value below 1 prad at
a temperature of 260 K. The sample is continuously
cooled down to 86 K, just above T„and then warmed up
to the starting temperature. The rate of temperature
changes is 1.5 K/min. The results are shown by curve a
in Fig. 7. Notice that at the end of the temperature cycle
the starting value is reproduced, which demonstrates the
stability of the apparatus. In particular in the range from
160 to 260 K the scattering of values is larger than 1

grad. We assume that processes associated with elastic
anomalies near 220 K are responsible for the scattering.
Therefore, in a second run the sample is kept for 20 h at
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FIG. 7. Spontaneous cr,N measured during two temperature
cycles. Full symbols are taken during cooling, open symbols
during warming. In cycle P the rate of temperature change is a
factor of 2 smaller than in cycle a.

about 180 K before the temperature is changed step by
step with an average rate of 0.8 K/min. A.s shown by
curve P in Fig. 7 the scattering of the spontaneous cr,s is

significantly smaller than in the first run. In the follow-
ing measurements the procedure of the second run is
adopted.

It is not unusual that YBa2Cu307 „ films show spon-
taneous effects in transmission. They have been observed
by two groups using circular dichroism spectrometers,
too. These spectrometers are sensitive to the same opti-
cal quantities as our experimental setup. We attribute
the spontaneous cr,~ to the monoclinic effect o ~. A pos-
sible explanation for an observable o.,~ is the elastic in-

teraction of the grains with the substrate. As the latter is
a single crystal it can homogenize the local stresses at the
interface. The magnitude of B lno, a/BT = 10 K
shown by both curves in Fig. 7 points to a nonlinear
mechanism. In the case of a linear relationship one
would expect a value similar to the magnitude of thermal
expansion [10 K ' (Ref. 38)] or of thermoelastic
coefficients [10 K ' (Ref. 16)].

Figure 7 reveals two kinds of monoclinic domains. In
curve P Bo,&/r)T(1. We attribute this behavior to
domains we will call type I. In curve a the signs are op-
posite, which we will name type-II-domain behavior. To
analyze the size of the domains, o,l was determined for
eight difFerent spots separated by 190 pm. The starting

temperature is 170 K. At this temperature the average
value is rescaled to zero. The temperature is decreased
step by step and at several temperatures o.,& is deter-
mined for the eight dilerent spots separately. The results
for 170 and 86 K are presented in Fig. 8. Obviously o.,ff
can be rather homogeneous on a scale of 200-300 pm.
Due to Bo.,z/BT &1, spots 2,3,4,8 belong to domains of
type I. Spots 1,5,6,7 represent type-II domains.

Studying the dependence of o.,l on temperature in de-

tail we find a different behavior for the two types of
domains. Figure 9 (type I) shows a linear dependence
above 120 K. Between 110and 145 K in Fig. 10 (type II)
0 ff T with a maximum at the temperature 155+5 K
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which we will name T&. A common feature in Figs. 9
and 10 is a change of slope near 115 K. We will name
this temperature Tz. T& coincides with the temperature
range where the anelastic relaxation is observed. ' The
discontinuity of slopes in Figs. 9 and 10 at Tz indicates
that these processes are present in films, too.

B. Extraordinary magneto-optical responses

-40—

500 400 800 1200
laser position (pm)

FIG. 8. Values of 0,N for eight different spots on the sample
at 170 K (dashed lines) and 86 K (solid lines). Arrows indicate
decreasing temperature.
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FIG. 9. Temperature dependence of spontaneous o,m of
type-I domains. Different symbols indicate different spots on
the sample. The numbering of spots is the same as in Fig. 8.

The first test for an interaction of a magnetic field with
anelastic-relaxation processes is performed in the follow-
ing way. At a fixed temperature e,z is rescaled to zero in
zero field and then H is applied. Results for 180 and 86
K are shown in Fig. 11. There is obviously no remark-
able effect. The average slope for both temperatures is
do,s/dH=3+2X10 rad/Oe. This is compatible with
the MCD observed with alternating fields' and with the
apparatus accuracy of 1 grad. The reproducibility of
zero-field values in Fig. 11 demonstrates the absence of
thermal drifts when the current is flowing through the
magnet coil.

Figure 12 shows that at 120 K, which is in the temper-
ature range where anelastic-relaxation processes are
present, the reaction of the material to magnetic fields is
completely different than in Fig. 11. The zero-field values
at 130 and 120 K before and at 120 K after field treat-
ment demonstrate that it is not possible to trace back the
impact of H on cr,z to uncontrolled thermal influences or
to drifts of the apparatus. Its dependence on time, its
magnitude, and the remanent alteration of the material
rule out a simple explanation by MCD. Due to the long
relaxation times obviously present in Fig. 12, it is not as-
tonishing that the values taken during field treatment
show some stronger scattering than expected from the ac-
curacy of the apparatus. The magnitude of the remanent
change in Fig. 12 is ten times larger than the MCD ob-
served with alternating fields and by a factor of 30 larger
than the reversible quadratic effect observed in high fields
at 180 and 93 K (Fig. 6). Its specific dependence on time
and the temperature range for the appearance of this ex-
traordinary magneto-optical response show its connec-
tion to anelastic-relaxation processes. Strictly speaking, a
remanent alteration of the material is not a characteristic
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FIG. 10. Temperature dependence of spontaneous cr,ff of
type-II domains. The numbering of spots is the same as in Fig.
8.

-200— (a) (b)

I

20
I

40 0
Time (min)

I

20
I

40

FIG. 11. Field and time dependence of o,z at 180 and 86 K.
Values in zero 5eld are indicated by full symbols.
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FIG. 13. Relative changes hX in the spatial scattering of o,ff

showing the impact of the magnetic field as explained in the
text. Lines are a guide to the eye.

feature of simple anelastic processes but needs viscoelasti-
city. We also note that the relaxation times present in
Fig. 12 are larger than those measured by internal fric-
tion. Thus, the coincidence of temperatures for the ap-
pearance of field-induced and anelastic relaxation is strik-
ing but in detail the mechanisms are different.

Figure 12 shows that the magneto-optical response is
enhanced by slow relaxation processes. To avoid a
quenching of this enhancement H is used as an annealing
field as described in the following. We start at a reference
temperature which lies between 170 and 190 K and cool
the sample under a static magnetic field of 400 Oe. At 86
K, just above T„ the field is switched off and the sample
is warmed up to the starting temperature in zero field.
Again, the field is applied but with a sign opposite to that
in the first run and the temperature cycle is repeated.
This is the standard procedure for all low-field measure-
ments described below.

To clarify the general features of the impact of H on
the material, o.,~ is considered for different spots on the
sample. The spots are the same as in Fig. 8. The selected
temperatures are the same as shown in Figs. 9 and 10.
At each temperature for both field cycles and for the
zero-field results shown in Figs. 9 and 10, the spatial
scattering of o.,z is determined by calculating the stan-
dard deviation for the two types of domains. We will
denote this by X . Figure 13 shows the relative changes

eff

C. Violation of T symmetry in low fields
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We have performed four different runs in annealing
fields of 400 Oe. In run 1, the sign of H while cooling was
negative in the first temperature cycle and positive in the
second. Before the run is started a position of the sample
is selected which shows a minimum for the gradient of
spontaneous o,& to improve stability. In Fig. 14 the re-
sults for the two cycles are presented with shifted temper-
ature scales. We address the difFerences of values by

her dd=[o+ cr ]/—2,
where superscripts indicate the sign of the annealing field.
We have to distinguish between La,dd observed on cool-
ing under the action of the field, and ho.~z, obtained on
warming in zero field. At 86 K both quantities show the
same value. On warming A+Odd 5.2 JMrad is stable up to

AX= [X~F X p ]/X p
eff el' em'

0 vI 0

for temperatures below Tz. At 170 K this value is zero.
Results are the same for positive and negative annealing
fields. The strong negative values for AX demonstrate
that the magnetic field reduces the inhomogeneity of the
sample. This can happen as a consequence of the switch-
ing of antiferromagnetic domains in order to reduce the
deformation energy of grains as discussed in Sec. IIB.
Both the reduction of inhomogeneity and the remanent
impact of the magnetic field are difficult to explain
without any magnetic ordering of the material.
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a ~

160
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Temperature (K)

FIG. 14. o,z during temperature cycles in annealing fields of
400 Oe. The field was applied during cooling only (full sym-
bols). + and —denote the signs of fields. Empty symbols
represent data taken on warming in zero field. Note the shifted
temperature scales. Solid lines represent the constant effect at
low temperatures. Broken lines are a guide to the eye.
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about 130 K. This is more clearly demonstrated in Fig.
15. Notice that there is no way to explain the remanence
of ho. "d without assuming that T symmetry is violated in

YBa2Cu307 „. We have checked its stability over a
period of four hours. A comparison of the results in Fig.
15 with Eq. (8) reveals that ho~d cannot be simple
MCD. This subject is discussed below.

Figure 14 gives the impression that cr,i also contains
effects which are even in H. To work them out we use
the zero-field data o,s from curve P in Fig. 7. They were
measured directly after the temperature cycles in anneal-

ing fields had been performed. The magneto-optical
response even in H is defined by

ho, „,„=[o++o ]/2 —o,s .

Results are included in Fig. 15. In calculating ho,„,„and
hued from the raw data u,l has been interpolated be-
tween two temperatures, if necessary. In Fig. 15 Tz is
marked mainly by ho,„,"„,but both quantities appear at
TN. The results for her, „,"„can be used to verify that not
only the zero-field values of ho ~d but also those observed
on cooling in the field are a signature of broken T symme-
try. We assume for a moment that hoped at 140 K is
MCD enhanced by a big magnetostrictive effect. This is
a strain induced by H . Then one can see from Eq. (4b}
that the ratio S(H )/S is equal to b,rr,„,"„/rr,tr which is
about 1 at 140 K. S is a spontaneous strain. The term
f'HS in Eq. (4a) is limited by the uncertainty of the
MCD value [Eq. (8)] to less than 0.2X10 prad/Oe.
This results in an upper limit for a magnetostrictive-
enhanced MCD of 0.08 grad that is a factor of 50 smaller
than the observed effect, which therefore cannot be
MCD.

The following experiments are performed to confirm
the positive results for broken T symmetry. First, run 1

is repeated, but now the sign of H while cooling is posi-
tive in the first temperature cycle and negative in the
second. Within the experimental accuracy the behavior
of ho.~d and her~~ is the same as shown in Fig. 15.
Thus, the appearance of Ecru is not accidental. In run 3

we made the measurements on eight different spots al-

ready mentioned. Average results for the two types of
domains are given in Fig. 16. The error bars are a mea-
sure of the scatter of the spots. Obviously, the significant
features of Fig. 15 are reproduced. In detail the data
below 135 K show a linear dependence of spontaneous

a,s; The slope is Bo,de/Bcr, tr=0. 1. Based on our phe-
nomenological model outlined in Sec. II this dependence
is easily understood because ho.~d as well as o,l depends
on strains. As can be verified with the help of Figs. 9 and
10, this dependence on strains is responsible for the slight
difference in the magnitude of hcr~d for the two types of
domains. In a final run, measurements are performed on
sample B. Just above T, we observe her, dd=7 grad,
which is compatible with the results in sample A. The
reproducibility of sign and magnitude of her, zd demon-
strates that our idea for a homogenization of the optical
response by an external field is reasonable.

With respect to our remarks in Sec. II D, ho ~~ has to
be identified with crNR, and crz as well as cr~ should de-

pend on ~H~. The latter efiect is contained in ho,„,"„.
Thus, its existence confirms the consistency of the experi-
mental results with our model. b,o,y,"„obtained in run 1

is already shown in Fig. 15. Figure 17 presents the aver-
age results for the two types of domains as observed in
the measurements on eight different spots. Most interest-
ing is the big effect for type-II domains at low tempera-
tures. It suggests that the signature of broken T symme-
try can be even more pronounced than is shown by
ho~d. The variation of sign with temperature indicates
that 4o,vga contains different contributions of opposite
sign. This is consistent with the possible occurrence of
two different optical quantities. Analyzing the results in
detail, hcT,„,„ofall spots exhibits a strong linear depen-
dence on spontaneous cr,&. The slope is —1.1 for temper-
atures below 135 K. The consistency of this result with
our model is most easily recognized by a comparison of
Eq. (4b) with Eq. (4c). In both equations the same strains
are involved. Notice that Eq. (4c) can be expanded to
higher order by the same nonlinear strain terms which
have been included in Eq. (4b}.
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in annealing fields of 400 Oe. The field was applied during cool-
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FIG. 16. Average values of Ecru for the two types of
domains. The error bars correspond to the variation of indivi-
dual spots.
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FIG. 18. e during field cycles at 148 K up to fields of 50 kOe.
The data for 50 kOe are not shown here, but are included in

Fig. 19. Arrows and numbers indicate the way data were taken.

In summarizing the results of our low-field measure-
ments, we point out that they demonstrate the violation
of T symmetry and are consistent with several important
features of our phenornenological model.

just above T, the same magnitude. A similar agreement
is not observed for the variation of e in Fig. 19 and ho,„,„
in low-field experiments. oz is probably superposed by
o ~ in low-field and by o.

~A in high-field experiments.

D. Violation of T symmetry in high fields

A dependence on ~H~ can be distinguished from an H2

dependence by measurements in high fields. Figure 17
suggests that different contributions are involved in

AcTgygg and that the field dependence can be rather com-
plex for different temperatures. All the measurements
produce the same sign for ho „,„only between 130 K and
Tz. Furthermore, one may expect that the inhuence of
relaxation processes decreases with increasing tempera-
ture. We conclude that the intrinsic dependence on H
will develop most clearly just below Tz.

The induced ellipticity e is observed in several subse-
quent field cycles at 148 K. The results for fields up to 30
kOe are shown in Fig. 18. In Fig. 19 the same values and
data for 50 kOe are used for a double-logarithmic plot.
The slope of the solid lines in Fig. 19 is 1. All values tak-
en on decreasing field strengths obey this dependence.
Thus, e is intrinsically proportional to ~H~. This and the
spontaneous ellipticity e with a sign correlated to the
sign of H (Fig. 18) prove a violation of T symmetry.

Figure 18 and the inset of Fig. 19 demonstrate an H
dependence for increasing field strengths but only for
small fields. This behavior is consistent with Eqs. (4c)
and (Sb) because in this field range the signs of y' and P*
are switched, which results in an additional H depen-
dence of these material parameters. The difference in the
magnitude of the slopes for positive and negative fields
and the curvature in cycle 4 of Fig. 18 suggest that the
switching process is not reversible in all grains. Howev-
er, the difference is not clearly outside the limit of the
systematic error estimated in Eq. (17) and therefore is not
significant.

The remaining ellipticity should be equal to o NR. As-
suming that its magnitude depends on the largest field ap-
plied to an experiment, o Nz in Fig. 18 corresponds to a
value of 6.9+1.5 prad for a maximum field of 400 Oe. In
low-field measurements we observed the same sign and

V. CONCLUSION

O. i
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FIG. 19. Double-logarithmic plot of the data of Fig. 18 after
subtraction of the zero-field value. Open symbols with decreas-

ing fields, full symbols (inset) with increasing fields. , o, 0
correspond to cycles 2,5,3 in Fig. 18. Solid lines visualize a
linear dependence of e on ~H~ and the broken line {inset) shows

an H dependence.

The strongest proof presented for a violation of T sym-
metry in YBa2Cu30~ „ is the appearance of a persistent
optical quantity as a consequence of an applied magnetic
field. The reproducibility of this effect in different experi-
ments suggests that our method points a way towards a
quantitative characterization of the underlying antiferro-
magnetic state. The second proof presented is the depen-
dence of the optical response on ~H~ in the high-field ex-
periments. Figure 18 can be considered to be a typical
hysteresis curve of a piezornagnetic antiferromagnet
which is permanently stressed during field treatment.

The measured numbers for spontaneous crNR simply
demonstrate that the material is able to exhibit a spon-
taneous effect between 1 mrad and zero. Therefore, we
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are not able to find a discrepancy between our results and
the negative and positive results reported previous-
ly. ' ' In our phenomenological model an optical
response depends on the existence of strains. This pre-
dicts an ambivalent behavior of a single crystal. If the
sample is an ideal single crystal the optical response
should be zero. If there is a residual crystallographic
domain hidden in the sample it can react homogeneously
on the internal stress. As a consequence the optical
response should be bigger than in films. This probably
happened in the experiment of Weber et al.

In spite of all hints that it may be possible to reconcile
conflicting results the observation of differences over
several orders of magnitude remains surprising. It can be
understood most easily on the basis of a highly nonlinear
medium. Nonlinear photoelasticity can be concluded
from some of our results. Nonlinear elasticity seems to

be a matter of fact in YBazCu307 „. We like to note
that it can explain the negative result Lyons et al. ' ob-
served in films on LaA103. In contrast to MgO this sub-

strate exhibits a smaller lattice constant than
YBa2Cu307 „.Then, due to nonlinear elasticity stresses
are more effectively transferred from the interface to the
free face of a grain. As a consequence the gradients of
strains which produce nonreciprocal circular dichroism
[Eq. (Sa)] are smaller than for a MgO substrate or even
completely absent.
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