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Effect of magnetic ordering on the optical properties of transition-metal halides:
NiC1~, NiBr2, CrC13, and CrBr3
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New reflectance and thermoreflectance spectra, in the (3—9)-eV region of ferromagnetic CrBr3
and antiferromagnetic CrC13, NiC12, and NiBr2, insulators are reported. Changes in the optical
spectra near the magnetic transition temperature have been observed. In particular, below T„ the
main optical structures of CrBr3 are split into two components =0.1 eV apart. This finding is
shown to agree with the Kerr-effect data reported in the literature. While the first charge-transfer
transitions (A 1) begins to split above T„ the splitting of the higher-energy bands follows the macro-
scopic magnetization law. This different behavior is attributed to a different localization of the
electronic states. Antiferromagnetic crystals do not show any band splitting. Their complex
phenomenology is discussed in some detail.

I. INTRODUCTION

During the last few years, the optical properties of mag-
netic semiconductors and insulators in the high-absorption
region (beyond the d dor f-f -crystal-field transitions)
have been intensively investigated. Many ferromagnetic
(FM) and antiferromagnetic (AFM) crystals belonging to
different fainilies, such as europium chalcogenides,
spinels MCr2X4 (M =Cd, Hg; X=S, Se), chromium chal-
cogenides, transition-metal halides, and magnetic ox-
ides, have been carefully studied. In particular, attention
has been focused upon the optical effects induced near the
transition temperature ( T, or T~) by the onset of magnet-
ic order. Early absorption measurements revealed the
most characteristic effect of the FM transition, i.e., the
"anomalous" red shift of the transmission edge. This ef-
fect has been associated with the splitting of the optical
edge, a feature which is also displayed by a number of
electronic transitions beyond the edge.

The thermoreflectance (TR) technique has proved par-
ticularly suited to study the temperature behavior of spec-
tra in magnetic crystals, because it displays the spectral
changes induced by temperature variations. Abrupt
changes of TR line shapes and a strong increase in signal
intensity are generally observed near T, or Tz. '

These facts, added to the experimental simplicity of the
TR technique and the possibility of using polarized
light, ' justify its intensive use for optical studies of mag-
netic crystals.

%Nile thermal lattice expansion and electron-phonon
interaction are fully responsible for the TR signals in non-
magnetic semiconductors or insulators, ' in magnetic
crystals the occurrence of critical behaviors near T, or Tz
puts in evidence the leading role of magnetic phenomena.

The exchange interaction and the critical fluctuations of
the spin ordering have been shown to be, in some FM and
AFM crystals, ' "' the microscopic mechanisms of
thermal modulation, resulting in "splitting" and
"broadening" TR line shapes. In other cases, optical
changes may be due to oscillator strength transfer and, in
AFM crystals, to the reduced symmetry of the magnetic
lattice. ' A number of phenomena has been explained
only qualitatively, namely the existence of unsplit optical
bands showing red-shift coefficients, ' "band splittings
in AFM crystals, ' ' ' or optical effects due to short-
range exchange interaction. ' ' Some of these phenome-
na seem to support the concept that optical transitions,
through the electron-spin interaction, probe a magnetic
environment the size of which depends upon the specific
excitation involved.

In order to use TR studies to identify the optical transi-
tions, it is necessary to have a correct interpretation of the
TR signal and some theoretical knowledge of energy levels
and electron-spin interactions. In such a case, quantitative
analyses of the TR spectra have been shown to be vi-
able. ' ' On the other hand, in most cases analyses of the
TR spectra have been very approximate. As regards the
energies of the electronic levels, great difficulties arise
from the coexistence of localized and itinerant-electron
states. This is why in magnetic insulators there is a
lack of safe theoretical provisions. Also for the second
problem, i.e., that of the interaction between the excited
electron and the ion spin system, a satisfactory solution is
not in sight. Many theoretical works have dealt with this
problem by envisioning an itinerant electron interacting
with the magnetic ions (s-d or s-f model). In other
cases, the model of an electron localized around the excit-
ed magnetic ion has been shown to account satisfactorily
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results. However, a comprehen-for some experimentals resu s.
th retical model for interpreting the optica e aviorsive t core

of the different magnetic crystals is still a
'
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6+ =E~+
vo —v'+2vvL +i I v

and the relations

R = —,
' (R++R

(3)

hR+ 1 dR+ de, dM
R+ R+ dvL dM dT

are shown in Fig. 1(a}.
We remark that for vL « I, the unpolarized TR signal

takes the shape of the second derivative of R with respect
to the energy. This line shape appears whenever an opti-
cal band begins to split, independently of the number and
the polarization of its components, as can be seen by
analyzing the TR spectra of a number of crystals reported
in literature. '

As a last comment, we observe that in many cases,
when T crosses T„a TR shift modulation coefficient is
overcome by the splitting term. If we suppose that a
blue-shift mechanism is operative in the PM phase (CrBrg
case), then, in a suitable interval near T„ the TR signal
consists of two contributions,

ic contributions to the TR signals. In many cases it has
been shown that an accurate analysis of the signal line

shape allows one to determine the predominant modula-
tion mechanisms.

Shift or broadening of optical structures, associated to a
critical behavior, have been observed in many AFM crys-
tals' '" by TR techniques. Since the spectral functions
R 'dR/dvo and R 'dR/dI' in Eq. (1) are nearly tem-
perature independent, the critical behavior of the signal
intensity must be ascribed to the temperature dependence
of the coefficients dvoldT and dI'/dT. The magnetic
contributions can be written explicitly through

dvo dvo dM dI dI dM
dT dM dT dT dM dT

Here, as in the following, M indicates either the macro-
scopic or the sublattice magnetization or any other local-
order parameter, depending on the specific electronic tran-
sition considered.

In FM crystals, due to the strong exchange interaction,
a splitting of the optical structures below T, has been ob-
served in many cases. ' ' ' Generally, a structure can
split in many components which are different with respect
to polarization and shift coefficients. Thus, a general
treatment of the splitting TR line shape is complex. How-
ever, in a previous paper ' we have shown that, by using a
simple model, it is possible to account for the main
features of the FM splitted 7.3-eV optical band in CrBri.
In that case, we assumed that a classical I.orentz model
describes well the electronic transition of interest. A mag-
netic field representing the effects of the spin ordering
splits the optical band in two symmetrical and circularly
polarized (cp) components. The temperature modulation
hT of the magnetization M (the molecular field) produces
a correspondent variation hvl of the splitting energy vL.
The TR spectrum, calculated by means of the dielectric
constant,

(~R )shift+(~R )sphtti g (5)

III. EXPERIMENTAL

Since a general description of the vacuum ultraviolet
apparatus and the experimental layout was given previous-
ly, we discuss only some aspects of the measurement
techniques which are relevant in this work.

Thermomodulation was obtained by means of indirect
heating. The samples (4X4 mm, 0.1—0.3 mm thick)
were put into contact with the heater by means of a film
of silicon grease. Heating was accomplished with a thin
germanium plate resistor (4X 10X0.2 mm~, —1 0) and a
low-frequency (1.5-Hz) square-wave current generator.

Temperatures were measured by means of a gold —2.11
at. %-Co versus silver —0.37 at. %-Au therrnocouple, kept
on the front surface of the heater and electrically insulated
from it. The ainplitude of the sample thermal modulation
b, T was obtained by measuring the rms value of the first
harmonic of the synchronous variation induced in the emf
of the thermocouple. On taking TR spectra, temperature
modulation between 0.1 and 1 K has been used, depending
on temperature range and light level employed. When
studying the behavior versus T of the intensity of the TR
signal, modulations between 0.05 and 0.1 K were suffi-
cient.

The sample cooling was obtained by means of a Cryo-
tip refrigerator manufactured by Air Products, working in
back pressure (T & 33 K, T & 80 K) or in flux equilibrium
conditions (33 K& T &80 K). Temperature fluctuations,
in the time required to signal-average a whole TR spec-
trum, were +0.5 and +1.5 K in back-pressure and flux
equilibrium conditions, respectively. When measuring the
signal intensity versus T, the data were taken point by
point by varying the back pressure, or continuously, dur-
ing the cryostat warming up. Good agreement between
the two procedures was found. Absolute determination of
the sample temperature is somewhat uncertain due to
thermal gradients and to the fact that temperature is not
read on the spot where the beam is collimated. Gradients

As the FM splitting mechanism begins to operate, the TR
line shape starts to change and, in particular, the point P
[see Fig. 1(b)] shifts towards high energies and stops when
the intensity of the splitting term overcomes the shift con-
tribution. In this way, a plot of point-P energy versus T
gives a qualitative indication for the onset of the splitting
mechanism in the examined optical structure. As long as
vL & I, lowering the temperature does not change the line
shape and the signal intensity is governed by the function
vL(T} [or M(T)]. More precisely, since the function
dR /dvL (vL « I') is linear with vL, then

/t R= bvL -vt bvt ———,5[(vL ) ] .R
de,

So we can extract the vL value (i.e., the exchange integral
P and the dependence of vL (T) from the A,-shape intensity
curves. More direct information on vL could be obtained
by measuring the polarized TR spectrum with the sample
in a saturating magnetic field. '
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are mainly induced by the thermomodulation power and
are estimated to be smaller than +1.5 K in the spectra
measurements and +0.5 K, when measuring the signal in-
tcIlslty. Howcvc1, wc cstII11Rtc thRt tllc f1111tc d1mcnslon of
the light spot on the crystal surface (1)&2 mm ), assured a
good thermal homogeneity of the surface studied, better
than 0.2 K.

The reflectivity was measured by means of a double
beam, double photomultiplier optical system. The signal
processing system employed two lock-in amplifiers, an
analogic ratiometer, and a final integrator to enhance the
sensitivity. The correction of the zero line was made
a posterion The. frequency derivative of the reflcctivity,
dR/d v, was derivIxl from the R data.
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IV. ANALYSIS OI THE EXPERIMENTAL RESULTS

The analysis of the experimental results presented in
this section is based on the comparison between the R (or
dR/dv) and the TR spectra and, further, on the concepts
introduced in Sec. II. All the R and TR spectra presented
have been obtained with unpolarized light. %C remark
that the sign of the TR curves has been determined ac-
cording to that of R '(dR/dT). In Fig. 2 we report the
R spectra of all the crystals studied for the reader's con-
venience. In Table I we also report the energy positions of
the main bands and the modulation mechanisms which
characterize the TR structures. In the following we
present a detailed discussion of the features of R and TR
spectra.

30

~aa
~20

CP

The most salient characteristic of the behavior of the
TR spectrum of CrBr1 is the net line-shape change which
occurs in the main optical bands AI, A2, and Ej, going
from the PM to the FM phase. This effect is illustrated in
Fig. 3, where the experimental TR spectrum of the A I, AI,
and El structures ls shown ln both phRscs.

It was formerly suggested ' that a symmetric splitting
mechanism could reproduce well the unpolarized TR line
shape in the case of the EI band. Later, by means of TR
measurements using cp light in Faraday disposition, ' it
has been experimentally proved that the above assumption
applies to description of the 3& transition. For this
reason, we show in Figs. 1(b) and 1(c) the spectra in the
A&-A2 and E& regions, as calculated with the model
plcscntcd ln Scc. II, and thc assumption that in thc PM
and FM phases blue shift and splitting mechamsrn are
operative, respectively. Since the behavior of the AI and
El structures appeals slmilRr to that of A ~ as regards both
the hne shape and intensity, we suggest that in the FM
phase the symmetric splitting in two bands is the dom-
inant thermal effect for all the mentioned bands of CrBrq.
For the Al and Et structures, this effect can also be ob-
served in the R spectrum (see Fig. 4). However, notice
that the TR spectra, through the line-shape change,
display the effect more strongly and R11ow one to follow it
wllCI1 T~ Tq.

To further characterize thc tI'ansltlons, wc lcport ln Flg.
5(a) the behavior of the zero-crossing point I' for the AI

6
energy {eV)

I0

FIG. 2. ReAectivity spectra of chromium and nickel
bromides and chlorides at 80 K (full line) and 300 K (dashed
line), taken from Ref. 3. Peaks and structures have been again
labeled with capital letters A, 8, and E.

Rlld Az stnlcturcs. In tllc T/T~ & 2—3 I'cgloI1 tllc plots 111-

dicate a blue shift of the optical structures, while at lower
temperatures the saturation 1ndlcatcs thc cstabllshmcnt of
a splitting line shape. Notice thai the A~ and A2 bands
have also a different behavior versus T, with the A2 band
behaving as the EI band.

In Fig. 5(b) we report the peak-to-peak intensity of the
TR signal for the AI and E1 structures as a function of T.
These A,-shaped curves put in evidence the critical
behavior of the spcctI'a reproduced in arbitrary scale in
Flg. 6. By us1Ilg tllcsc A, curves Rlld Eq. (6), tllc bchRvloI'

of the splitting cncI'gy vI vs T can bc followed in Fig.
5(c).



EFFECT OF MAGNETIC ORDERING ON. . . NiC12, NiBr2, CrC13, AND CrBr3 3611

c5 %

Ci6

0
~ w

bQ W

cg OO
~ &

C5

O Q

& P4

0

Q
a5 ~
V

V
&D

g
bQ

8 ~
05

Q ~

g
~ m Q

tll

U

05
V

A

g 8
~ W
05

8 bQ

rI)

O
oo

~ u

O

Qg
Q

v
V

g a6
Q C5

8

Q 0

~ Pl Q
R ct

AU

A
Z N

bQ

~ TH

050

bQ bQ

~ pal eW

et c50 0

~OO
Oo

n O

bQ

~ &

0

bQ bQ

~ & ~ VK

a 'a
05 C50 0

Own
nl 4 O

bQ
~ VK ~ 'PI

C3"a "0
CO CC0 0

v) A O

bQ bQ

~ 1&~I + t~+I

~ &

O CDnOmnO~Ch&O

bQ

~ ~

0

bQ bQ

~ M

CP'a 'a
Ct0 0

O O
Ch

bQ

~ &
~ &

O vl
M O
OO Ch

bQ bQ

OO

(f)

C

J5
L

Al

IXa

(b)

r-
/

/

/
/

L

Aj

CL

L I
ll
V

Cr Br,
——90 K

28K

B. CrC13

The broad band centered at nearly 4.5 eV is very sensi-
tive to temperature changes. Its linewidth (-1 eV) as well
as the modifications which appear on lowering T (see Fig.
7) indicate the complex character of this structure.

In order to establish the number of the component
bands, we have examined the frequency derivative dR /dv
spectrum (Fig. 8). It appears that in this region three opti-
cal bands coexist, A ~, A2, and A3. The fact that the whole
dR/dv spectrum evolves without sudden changes to the
AFM phase reflects a continuous evolution of the R spec-

34—
(aj

Ap

E&

(b)

-16

O
o

o 26

22—

18—
———40 K

22 K

CrBr,
———40 K

22 K —12

I I I

7
photon energy (eV)

FIG. 4. Reflectivity spectra of CrBr3 in the region of the
bands A i, A2, and Ei above and below T', (32.5 K). The split-
tings of the bands A I and El are observable.

photon energy (eV)

FIG. 3. Thermoreflectance spectra of CrBr3 in the para- and
ferromagnetic phases. The arrows drawn in the figure denote
the 90-K zero-crossing points for the bands A ~, A2, A3, and E~.
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FIG. 5. Critical behavior of (a) the zero-line crossing points,

(b) of' the TR modulation intensity hR/R, and (c) the splitting

frequency vL, for the structures A ~, A2, and E& of CrBr3 around

the Curie point.

trum on lowering T: The A1 coInponent Mue-shifts, A2
Rppcars s't111, and A3 gets stronger.

Inspection of the TR spectrum (Fig. 8) yields further in-
formation Rbout thcsc bands. Fol exaHlplc, 1n thc PM
phase the whole TR signal is dominated by the A1 and A2
structures, which between 90 and 20 K blue-shift and
sharpen. In the AFM phase, the contribution of the Az

FIG. 7. RCAectivity spectrum of CrCl3 in the region of the
bands A ) to A5 above Rnd below T~ (16.8 K).

structure becomes suddenly negligible in comparison to
that of A

&
and A3, which show blue shift and broadening

(d I /d T & 0), respectively. Note that, while the line-shape
change takes place in less than one degree near X'~, the in-
tensity of the signal increases with continuity by a factor

A) A2 Ag

l

g 24

16
I

CL

9.2

Cr Br3 Cr Br3

I

2.5
I

3.5 7 7.5
phot on energy (eV)

FIG. 6. ThcrIQorcflcctancc spcctla of thc A l and El bRnds of
CrBr3 at different temperatures in paramagnetic and ferromag-
netic phases. Notice that the linc shape changes for the A ~ and

EI structures occur around 45 and 33 K, respectively.

photon energy (eV)

FIG. 8. Thermorcflectancc spectra of the A~, A2, and A3
bands of CrC13 at fixed temperatures in the paramagnetic and
antiferromagnetic phases. The spectra of the function dR/dv
(dotted line) above (24 K) and below (9.2 K) T& are also report-
ed.
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o 3 rom 25 to 12 K, in accordance with a A, curve cen-
'tcicd ilcar T~.

Eq
60K

E, F3

C. NiBr2

The main structures of NiBr2 g pare rou ed in two dif-
s cctrum. The first one, theferent regions of the spec . he

"char e-transfer" region, is situated between 3 an ec aigc- ran
cture which is shown in detailIt consists of a complex structure w

.45ln 1g. R .F' 9( ) Two main components locate at about 3.
R dv(A I ) and . z e3 55 (2 ) eV can be separated m the R

~ ~

111CI1OI1f Fi . 10. Besides detecting this phenomen
the TR spectra present the following ea urea:

hase the zero-crossing points of dR/dv correspond to
f the TR spectrum: The whole linethe negative minima o e

0)shape is typica o a r1 f b oadening mechanism (dI'/dT~
operative in bot t e ] an 2h h A and 3 bands. In the AFM

Thish A band takes a red-shift line shape. isphase, t c 2 .Rn

40 K.han e is gradual and saturates at about
The second region between 6 and e8 CV contains three

main optical bands, E&, E2, and 3.
EI. By ana yzing el the 8 spectra at various tempera-

out 50 K.h E band appears to blue-shift up to aboutturcs, t c j Rn R

c lt slla elis wllllcOn the contrary, in the AFM phase i s arp
maintaining its position [Fig. ( ].'

. 9(b)]. This behavior is re-
flected in the line-shape change of the TR spectrum e-
tween 50 and 60 K (Fig. 10).

E2—E3. Concerning these structures, good agreement
exists in t e p ase

minlITla, S1 nal-of the dR/dv curve) and the negative TR minima, 'g

TR line shape. Below 50 K, the E2 banding broadening ine s a
n TR si nalI'cd-shi ts 1n c' 'f '

th R spectra. The corresponding 'g

Satu-changes gra ua y o ad all to a red-shifted line shape which sa u-
Rn C Onrates at 40 K. The E3 band position does not change

t of the R eak is rather due
to band sharpening: In effect this band keeps in the AF

In conclusion, we remark that all the bands examine
Sllow 11Car ~ R S lgT 1' ht increase in the TR signal intensity,

dR
d0

I I

6.4 6.6 6 8 7
photon energy (eV)

)

7.5

FIG. 10. ThermoreAectance spectra of thethe A, A2, and E~,
d f N'Br2 at different temperatures in the para-

and antiferromagnetic phases. The unctions
11nc) arc also reported.

D. NiC1&

The char e-transfer region of NiC12 presents a comph-
cated pattern of superimposed bands ig.

he do not differ sub-tra are not reproduced because t ey
Cf 3 ThC 111allistantially from those shown in Fig. 3 o R

results are listed in Table I.

2—3 times the PM value, regardless of the change of the
modulation mechanism.

photon energy (eV)
7

95K
Ni Br, --- 50 K

20 K

4000 3500 2000
} I

1800
wavelength (A)

FIG. 9. Reflectivity spectrum of NiBr2 in t gin the char e-transfer
E toErcglon ( 1 an(2 d A bands) and the excitonic region (

bands) above and below T@ (60 K).

V. DISCUSSION

In a previous paper the reported p
3 R s ectra of Cr and

N1 halldcs wc1c dlscusscd in terms 0 ch g-char e-transfer and
excitonic transitions. Two ene gy gr re ions can be identi-
ied: region I (from 3 to 6 eV), where A and 8 bands are

3d"—+ (halogen) 3d" +' (metal) charge-
10 eV) wherefer transitions, and region II (from 6 to etrans er ran

h sha E eaks are attributed to excitonic transitions.
er su ort to the assign-Concerning nickel hahdes, further suppo

ment of the A bands to charge-transfer processes can be
b d from the comparative study of the optical prop-

of transition-metal ions. In fact, in compcrtlcs 0 1

nt im uritiesw crc csc 10h th ns are present either as biva e
'

p
F MF,1 -b d-gap crystalline matrices (KMg 1, g 1,in arge- an -g

s ' the ener-L Cl) r as components of divalent crysta s,
d'ff between regions I and II decreases in going

from the electronic configuration d i o
Tll bcllRvior' Rgrccs wltll band-structure calclllRtlolls foiis C RV10

some ayelayered transition-metal halides.
mental data exist for chromium compounds and wwe have
no knowledge of any correlations established with other



L. NOSENZO, G. SAMOGGIA, AND I. POLLINI

trivalent ion salts. However, likewise NiX2 crystals, CrX3
{X=C1, Br) show the presence of two separated regions in
the R spectra. This suggests to attribute the first group of
A bands in chromium halides to charge-transfer transi-
tions.

We will now comment on the changes of the optical
spectra occurring in the magnetic phase. The difficulty of
finding a suitable theoretical framework to account for
these phenomena makes our discussion mostly
phenomcnological. Bccausc thc spcctI'a of FM and AFM
crystals behave differently, the two groups of materials
will be analyzed separately.

A.. Ferromagnetic crysta1s

In the case of CrBr 3 the main optical structures
(A&, Az, E) spht symmetrically below T, into two com-
ponents showing red and blue shift, respectively. The
splitting value is in the (0.1—0.2)-eV range for all bands.
Splittings of the same order of magnitude have been re-

ported for other crystals, namely, the ferromagnetic semi-
conductors, HgCd2S4, CdCr2SC~, EuO, and EuS. ' Such
large values cannot be attributed to exchange splitting of
the ground state, which in CrBr3 results to be only a few
meV. Instead, we believe that these effects arise from
exchange splitting of the energy levels of photoexcited
electrons, much more spread over neighbor ions and thus
more sensitive to the magnetic ordering.

Some years ago, Dillon et aI. introduced a molecular-
orbital model for the unpaired spins of the chromium
ions, in order to interpret the dichroic splitting of the
charge-transfer edge of CrBr3. It was assumed that the
energy-level splittings responsible for the magnetic rota-
tion arise from the spin-orbit interaction of the final state,
with negligible contribution from the applied magnetic
field and the exchange field. With this assumption, the
energy splittings should be temperature independent. Be-
sides, the spin-orbit splitting, as estimated for the CrBr3
charge-transfer edge, is of the order of 0.01 eV. Thus
Dillon s model is inconsistent with the temperature evolu-
tion and the order of magnitude of the energy splittings
wc have observed. Furthermore, Yung prcscntcd Kerr
rotation data in the (2—3.5)-eV range, which he tried to
interpret on the basis of the Dillon's model, In order to
account for an unexpectedly large effect, he was com-
pelled to hypothesize the existence of a ghost band (m.

band), characterized by a high magnetic activity, which
was not detected by reflectivity because of its weak oscilla-
tor strength. Actually, if we assume that the exchange
field causes a O. l-eV splitting of the A

&
and A2 bands, we

can reproduce fairly well the Kerr rotation data (see Fig.
11.) Details of such calculations are given in the Appen-
dix.

An interesting observation is that different bands show
different temperature evolutions. In particular, note
[Figs. 5(b) and 5(c)] that the splitting of the A& band be-
gins at 45 K (=—,

' T, ) while A2 and E bands start splitting
at =33 K (-T,). In addition, the A& splitting at T, is
30% of the 24 K splitting, while A2 and E splittings
closely follow the temperature dependence of the macro-
scopic magnetization M. The different behavior of A&

band, with rcspcct to Ap and E bands, 18 likely to rest on a
different localization of the excited states: more localized
for the A ~, delocalized for the other two bands. The excit-
ed electron in a localized state will experience some local
order also above T, . In fact, this electron will contribute

by itself to increase the interaction between nearest ions,
leading to formation of a microregion where the spins are
aligned above T, . On the contrary, itinerant electrons
essentially experience the long-range order and line up
only for T & T, .

A point of view different from the local description3 is
presented by the so-called s-f (or s-d) model ' which
considers the f or d electrons (spin S;) as localized and the
conduction-band electrons (spin 0 =+—,

'
) as itinerant. The

interaction between these two systems is of the type:

H,~ —g g——,. cr;.S;. When the s-f interaction is small, the
conduction band is split twice {spin up and spin down).
The splitting energy is proportional to the macroscopic
magnetization, plus a second-order shift proportional to
the short-range order. This model succeeded in explaining
the red shift of the absorption edge. However, some au-
thors ' ' conclude that the perturbative approach
should be reconsidered and cast some doubts on the pure
spin-polarized bands. In effect they showed that, in some
limiting cases, the s-f model can be solved exactly, giving
evidence of the existence at all temperatures (also for
T ~ T, ) of a multiband structure for the conduction band
built on mixed spin states. The multiband sequence
should be observed if the coupling constant g of the Ham-
iltonian operator H,~ is of the same order of the band-
width F". The energy position, the broadening, and the
transition intensity should then be functions of the tem-
perature. ' Nolting interpreted the spectrum of
anomalous transmission in EuS {Ref. 43) and the photo-
emission experiment of spin polarized electrons in terms
of the multiband model. ' However, in the case of CrBr3
we have not observed any effect pointing to the existence
of a multiband structure. Since for the observed optical
structures it is g« W [i.e., g&0. 1 eV, W&1 eV (Ref.
36)] it is almost impossible to detect single multiband ef-

5 energy (py)

CrBr,

FIG. 11. CrBr3 experimental Kerr rotation data taken from
Ref. 41 (dotted line) compared with the spectrum calculated by
supposing a ferromagnetic band splitting of 0.12 eV (solid linc).
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fects. In this scheme, our results could only reveal the
shift of the center of gravity of the spin-up with respect to
the spin-down bands.

B. Antiferromagnetic crystals

The temperature evolution of R and TR spectra of anti-
ferromagnetic CrC13, NiC12, and NiBr2 is more complicat-
ed than that observed in ferromagnetic CrBr3. For this
reason, we will limit the discussion to the main features of
TR spectra above and below T~.

We remark, at first, that almost all of the TR structures
change their dominant modulation mechanism near T&
(see Table I); the modulation intensity also changes, show-

ing a fairly sharp peak near Tz. These facts point to an
unusual behavior of the energy and width of the optical
transitions correlated to the magnetic p4ase transition.
For example, let us consider the E~ structure peaked at
6.2 eV in NiBr2 spectrum (Fig. 10). In the paramagnetic
region an analysis of TR intensity and line shape shows
that blue shift is the. dominant mechanism and that
dvcldT increases sharply as T~Tz, while JI'/dT gives a
negligible contribution. Below T&, the broadening alone
accounts for TR intensity and line shape, dI /dT being
positive and increasing as T T&. The temperature
behavior of F-~ band parameters vo and I is illustrated in
Fig. 12. Similar considerations can be easily extended to
the other optical structures of the AFM crystals.

It has been suggested' that the doubling of periodicity
due to antiferromagnetism introduces extra energy gaps at
the new boundaries of the reduced magnetic Brillouin
zone (BZ). Experimental evidence of a splitting of some
bands has been reported for some optical transitions in

EuTe both by TR (Ref. 11) and Faraday measurements. '

However, in our spectra no evidence of band splitting in
the AFM phase has been found. This fact suggests that
only transitions not affected by the refolding of the BZ in-
duced by the periodicity change (mostly those occurring
near the center of the zone) could be responsible for the
observed optical structures.

We stress that we did not find evidence of structures
with negative d I /dT above T~. On the other hand, nega-
tive broadening coefficients have been observed by Mitani
and Koda' ' " for some TR structures in Eu chal-
cogenides. They interpreted the increase of the critical
damping I, when the temperature goes down to T&, as a
dynamical spin-fluctuation effect.

As a final remark we call attention to the existence, in
the two nickel halides, of pairs of bands undergoing the
same c11tlcal change. In t11e exclto111c region of both crys-
tals, the E) band blue-shifts at high T but broadens below
T~, while in the charge-transfer region the two main
bands A

&
and 3q have the same behavior in the two nickel

halides, but with a reversed order. This fact requires that
the wave functions of the ground and final states for the
above mentioned pairs of optical transitions are nearly the
same in both nickel crystals and justifies the notation used
in this paper for labeling the optical bands. Concerning
the hypothesis that two different regions should be identi-
fied in the nickel spectra, we observe that cor'responding
band pairs always belong to the same optical region. In
addition, we note that optical bands belonging to the same
region, such as the three excitonic E bands or the two
charge-transfer bands, present different critical behaviors
in the same crystal. This fact supports the idea that the
effect of the magnetic interaction on the optical structures
is extremely sensitive to the localization of the relevant
electronic excitations and to their location in the Bz.
Thus, one can conclude that an optical transition could be
considered as a microscopic probe of magnetism. Its great
complexity comes from the dependence on the electronic
levels involved, which are coupled in different ways to the
magnetic interaction and from the fact that "the probe" is
not necessarily a small perturbation of the magnetic field.
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APPENDIX

The magneto-optical effects in magnetized media (Fara-
day effects in transmission and Kerr effect in reflection)
can be derived from the dielectric permittivity tensor:

FIG. 12. At the top, the intensity of the E~ TR signal in
NiBr2 is reported vs the reduced temperature (T~ —T)/T~. At
thc bottom, a qua11tatlvc sketch of thc temperature cvolut1on of
the vo and I parameters, deduced from the evolution of TR line
shape (Fig. 10), is reported for the same band.

0

0 eo

For a normal incidence geometry, the major axis of the
reflected beam is rotated by (Kerr rotation):
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(A 1)

where N+ =n++ik+ (F+——)'~ =(e&+e2)'~ are the com-
plex indices of refraction for the left and right circularly
polarized (cp) light. They can be obtained from the
knowledge of the optical constants in the paramagnetic
phase and from the knowledge of the effects of the fer-
romagnetic ordering. In the case of a single Lorentzian
band, symmetrically split by the magnetic effect in two
right and left cp components, the dielectric permittivity is
given by Eq. (3). In such a case 8 vs v is a symmetric
dispersion curve centered at vo. In the (2—3)-eV region of
CrBr3 the overlapping of sharp bands strongly modifies
such a shape. This effect can be seen in Fig. 11, where the
experimental Kerr rotation data in CrBr3 (Ref. 41) are
compared with the 8 function computed according to Eq.
(Al). We assumed two overlapping I.orentzian bands
reproducing the R data in the A ~-A2 region, both split by
0.06 CV in the FM phase in agreement with R and TR
data. The following parameters have been used:
hv~ ——3.00, hv2 ——3.55, by~ ——0.3, hy2 ——0.5 eV, f&

——5,
f2 ——8, e =5. Despite the simplicity of the model, note

that the Kerr data have been fairly well reproduced. The
lack of agreement in the high-energy side of the spectrum
is due to the existence of higher-energy bands which can-
not be fully characterized on the basis of the experimental
data avMlaMc today. Thcsc data dcrIve fI'OID room-
temperature ellipsometric measurements and from Iow-T
(77 K) refiectivity measurements, which were taken in a
rather narrow spectral range to provide good values of n
and k.

As a last comment, note that, by putting
hN=N+ N—, we rewrite Eq. (Al) as O=f'bn+f"bk
(where hn =n+ n—and hk =k+ k)—, which strongly
resembles the well known expression of modulation spec-
troscopy

AR

R
=g'4(Ree )+g"6(1m') .

This explains why the Kerr rotation spectrum is similar to
a derivative one. Furthermore, for an isolated band, the 8
vs v curve looks like that of TR broadening shown in Fig.
1(a), in spite of the fact that no direct correlation between
thermoreflectivity and Kerr rotation exists.
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