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Abstract. We measured the magneto-optical rotatory dispersion (MORD) ofeight non-linear 

proceed to calculate the magneto-optic anomaly y-factor for each crystal. We also calculate 
the energy gap by fitting our data to the BHL and KLN formulae, respectively. Finally, we 
make a comparison between the values of E8 obtained by the MORD method with those 
calculated from optical dispersion data. The effect on the y-values and on Et due to the 
substitution of cations and/or anions, as well as the deuteration olthe samples, is discussed. 

KDP-type CIyStalS: RDA, KDA, CDA, ADA, DRDA, DCDA, KDP and RDP. From Our data we 

1. Introduction 

Magneto-optical rotatory dispersion (MORD) of semiconductors and insulators is an 
important tool for studying the properties of materials, such as band gaps, as well as for 
obtaining insight into the nature of the corresponding optical transitions: direct or 
indirect. Among all the materials, we are particularly interested in studying the KDP 
isomorphic crystals because they combine excellent non-linear optical properties with 
fairly good magneto-optical rotation capabilities. In this work we carried out measure- 
ments of the Verdet constants of several KDP isomorphic crystals as a function of the 
wavelength in the visible region of the specrum. In all, we investigated eight different 
crystals, two of them being deuterated with a very high degree of deuteration. The 
crystals that we studied were four dihydrogen arsenates (rubidium dihydrogen arsenate 
(RDA), potassium dihydrogen arsenate (KDA), caesium dihydrogen arsenate (CDA) and 
ammonium dihydrogen arsenate (ADA)), two dihydrogen phosphates (potassium 
dihydrogen phosphate (KDP) and rubidium dihydrogen phosphate (RDP)), as well as two 
deuterated dihydrogen arsenates (deuterated rubidium dihydrogen arsenate (DRDA) 
and deuterated caesium dihydrogen arsenate (DCDA)). The magneto-optical properties 
of three of these crystals have already been studied in [l, 21: KDP, KDA and ADA. They 
were also included in our study for completeness. 

After measuring the Verdet constant dispersion of all these crystals, we shall proceed 
to calculate some physical significant parameters such as the magneto-optical y-factor 
of the crystals and their energy gap Eg. The energy gap will he found by fitting our 
data to the Boswarva-Howard-Lidiard (BHL) and Kolodziejczak-La-Nishina (KLN) 
formulae. We shall also calculate the parameter values for a fitting curve of our Faraday 
rotation dispersion data, one for each sample, which is good for interpolation purposes 
in the visible region of the spectrum. Finally, on the basis of our results we shall discuss 
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theeffectonthepropertiesofthecrystalsdueto thesubstitutionofanionsand/orcations 
as well as the influence of the deuteration of the KDP isomorphs. 

E Munin and A Balbin Vitlauerde 

2. Experimental procedure 

The Faraday rotatory dispersion of our samples was measured using a high pulsed 
magnetic field, with a pulse width of about 1.5 ms at its base. That magnetic field pulse 
was generated by the discharge of a bank of capacitors of 500 pF on an air core solenoid, 
at a maximum charging voltage of 5 kV. The total length of the magnet was 32 mm with 
an inner diameter of 25 mm. 140 turns of copper wire were wound in an eight-layer 
configuration, giving a total inductance of 384 pH. The solenoid was forced-air cooled 
inorder to keep the sample at room temperature. At the maximum power supply voltage 
it is possible to reach a magnetic field with a peak value of over 130 kG. 

The magnetic rotation of our samples was measured using the null method, which 
has been described in someof ourpreviouslypublishedpapers[3,4]. Inordertocalibrate 
our magnet we used a rod of HOYA FR-5 glass, with a length of 10 mm. Wc chose our 
glass sample to be of the same length as the samples studied, in this way avoiding the 
necessity for any additional correction due to the axial magnetic field non-homogen- 
eities. The value of the Verdet constant of this glass at the H-Ne laser wavelength was 
estimated to be V = 0.245 min G-l cm-', which corresponds to the average value of the 
datagiven in [5,6]. We measured the Verdet constant of our samplesfor sevendifferent 
wavelengths, corresponding to the laser lines from a He-Ne laser and an argon laser, 
covering from the red region up to the blue-violet region of the spectrum. 

3. Experimental results 

We have a total of eight crystal samples to be studied by the MORD method. They are 
the phosphates KDP (KH2P04) and RDP (RbH2P0,), the arsenates KDA (KH2As0,), 
ADA (NH,H,AsO,), CDA (CsH2As0,) and RDA (RbH,AsOA). and two deuterated 
crystals DRDA and DCDA, both with a very high degree of deuteration, All our samples 
were supplied by Quantum Technology Inc. (Orlando, FL, USA) with a 10 mm length 
and were cut at 0" with respect to the tetragonal c axis. We proceeded to orient the 
samples with their optical axis parallel to the magnetic field by using the Maltese-cross 
method. This alignment wasquite important because of the birefringence ofoursamples, 
which can introduce significant errors in the optical rotation measurements, leading to 
incorrect values for the Verdet constant. The seven laser lines that we used to study the 
samples were 0.6328pm of the He-Ne laser and the six argon lines: 0.5145, 0.5017, 
0.4965, 0.4880, 0.4765 and 0.4579pm. All our measurements were carried out at 
approximately the same magnetic field peak intensity: between 60 and 80 kG. The 
temperature of the samples was monitored with a thermocouple. 

For diamagnetic materials such as the crystals under study in this work, the Verdet 
constant can be related to the optical dispersion through the well known Becquerel 
relation 

V = (e/kc2)yA(dn/iA) = 1.OlyA (dn/dA) (1) 

where V(minG-'cm-') is the Verdet constant, A (pm) is the wavelength 
dn/dA (pm-') is the optical dispersion of the material and y is the magneto-optical 
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Table 1. Verdet constants at a wavelength of 0.6328pm and the average y-factor for the 
eight KDp-type crystals. 

This work Koralewski’s work 

V V 
Crystal (min G-‘ m-‘) y-factor (min G-’ cm-’) y-factor 

RDA 0.0212 
KDA 0.0222 
CDA 0.0223 

DRDA 0.0214 
DCDA 0.0220 
KDP 0.0128 
RDP 0.0128 

ADA 0.0227 

- - 0.705 
0.705 0.0238 0.856 
0.72 
0.68 0,0244 0.624 
0.75 
0.795 - 
0.59 0.0124 0.513 
0.61 

- - 
- - 

- 
- - 

anomaly factor. The constant e/2mc2 = 1.01 min G-’ cm-’ is obtained using the fol- 
lowing values for the electron charge, the electron mass and the speed of light: e = 
4.8 x 

The magneto-optical anomaly factor, which is not constant throughout the optical 
spectrum, increases slightly from the red to the violet for almost all known materials. 
Higher values for y, close to unity, indicate that the bonds in the material are of ionic 
type, whereasalowvaluefor yshowscovalent-type bonds[7,8]. Intable 1 wesummarize 
the values of the Verdet constant for all the crystals at a wavelength of 0.6328 pm, 
including also the value of the y-factor averaged over the whole range of wavelengths 
that we studied. The optical dispersion dn/dA was calculated for each sample by using 
the refractive index data published by Kirby and DeShazer 191. For comparison we also 
show in the same table, the values reported by Koralewski [l] for the Verdet constant 
at 0.6328 pm and the y-factor of the three crystals KDP, KDA and ADA. 

We fitted our data to the following inverse power series expansion: 

esu, m = 9.1 x g and c = 3 x 1O’O cm s-I, respectively. 

V(A) = A  + BA-’ + CA-4 (2) 
where V (min G-’ cm-’) is the Verdet constant, A (pm) is the wavelength, and A ,  Band 
Care a set of constants, different for each sample. Although the A ,  Band C constants 
cannot be directly correlated to any physical parameter, this fitting equation is still very 
useful when it is desired to make a quick calculation of the Verdet constant for some 
intermediate wavelength. A maximum deviation of 3% was found between interpolation 
curves and our corresponding experimental data for only three of the eight crystals that 
we studied (ADA, RDA and DCDA) which showed slight surface damage because of their 
higher hygroscopic character. For the other samples the fitting was better than 1%. In 
table 2 are displayed the values of A ,  B and C for each crystal. 

Typical dispersion curves for the Verdet constant are shown in figures 1 and 2.  In 
figure 1 we can observe the striking effect of the substitution of the anion group 
PO:- by AsO:-, whereas in figure 2 is shown the effect of deuteration of the samples. 
It can be seen from our data that the Verdet constants of the arsenates are on average 
70% higher than those of the phosphates. On the other hand, the effect of changing only 
the cation is smaller, being in some cases the difference of the order of the experimental 
error; so, it is not possible to get any clear correlation between the value of the Verdet 
constant and the cation position in the periodic table or the cation structure as in 
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Table2.Coefficientsfortheinrerpolationequation V = A + BA-'). CA-*,with Vinminutes 
per gauss per centimetre and A in micrometres 

Crystal - 
RDA 
KDA 
CDA 
ADA 
DRDA 
DCDA 
KDP 
RDP 

A ( X  10.') B ( X l O - ' )  c ( X  10-4) 

-0.777 1.246 -3.416 
-0.077 0.864 2.272 
-0.2W 0.923 2033 
-0.132 0.925 1.516 
-0.113 0.836 2646 
- 1.841 1.862 -9.640 
-0.141 0.570 -0.W5 
-0.126 0.541 0.825 

0.05 
Y 

c 

0 DCDA 

A CDA 

x DRDA 

+ RDA 

0.01 
0.45 0.50 0.55 0.60 0.65 

WAVELENGTH ( p m  ) 
5 

Figure 1. Verdet mnstants OIKDA. RDA, RDP and 
KDP as a function of the wavelength: -, inter- 
polalion curve given by equation (2) with the 
values of A .  B and C taken from table 2. The 
values of V for arsenates are around 70% higher 
than for phosphates. 

Figure 2. Verdet constants of DCDA, CDA, DRDA 
and RDA asafunctionofthewavefength,showing 
theeffect ofthe deuterationofthesamp1es:-, 
interpolation curve given by equation (2) with the 
valuesof A,  B and Ctaken from table2. 

NHt . Deuteration of the samples causes an increase in the value of V; this effect is 
strong in the case of CDA and quite small for RDA. Nevertheless, because we studied only 
twodeuteratedsamples, we couldnot drawanyfurtherconclusionsconcerning the effect 
of deuteration. 

The degree to which the bonds in our crystals are ionic or covalent is given by the 
observed values for the average magneto-optic anomaly factor F, The existence of three 
different and well defined groups is observed: the first group, formed by KDP and RDP, 
shows the lowest value for 7 = 0.60, in the second group we have ADA, CDA, RDA and 
CDA with 7 = 0.70 and finally the third group consisting of DRDA and DCDA has a value 
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of 7 = 0.77. So, we can conclude from our data that the substitution of the anion group 
PO$- by AsOt- and the posterior deuteration steadily increases the ionic character of 
the crystal bonds. 

An attempt was made to correlate the value of the Verdet constant of the crystals 
with theircorresponding Curie temperature I",, as acheck on Koralewski's [ l]  proposal, 
but that correlation was not confirmed at all. Perhaps the dependence of V on Tc is only 
restricted for the case when there are different degrees of deuteration of the same 
sample. Finally, we should mention that in a general way our observations on the effect 
on changing cations, anions and/or deuteration of the samples agree well with what was 
observed by Koralewski [l] in his previous work. 

4. Energy gap calculations 

MORD is a quite useful tool for determining band gaps in solids. It was first used for 
energy gap measurements in semiconductors by Ebina etal [lo], Balkanski et al [U] and 
Balbin Villaverde and Donatti [12], to mention only some of the researchers working in 
this subject. This method for energy gap calculation was later extended to the case of 
insulators by Kase andOhi [13],Khalilovetal[14] andGrevendonkeraf [15]. 

For direct allowed optical transitions we have, according to Boswarva et af [16], the 
following relation between the Verdet constant of the solid and the photon energy of 
the incident light: 

nV= K2FZ(x) (3) 

where n is the index of refraction of the material, V(min G-' cn-') is the Verdet 
constant, KZ is a constant independent of the frequency and x = E / E ,  with E being the 
incident photon energy and E,the corresponding energy gap. The function Fz(x)  is given 
by the expression 

F&) = (l/x)[(l - x) - ' f i  - (1 + X ) - q  - 1. (4) 

This relation, known as the BHL formula, was derived from a quantum mechanical 
treatment of the Faraday rotation in semiconductors. A different expression was found 
by Kolodziejczak et af [17] and Roth [18] using only a semiclassical approach. This 
relation, currently referred to as the KLN formula, isgiven by the relation 

nV = KIFl(x) (5) 

where now the function Fl(x) is a more complex relation between V and the photon 
energy: 

F ~ ( x )  (l/x)[(I - x)-',' - (1 + x)-'"] - (4/xZ)[2 - (1 - x ) ' / ~  - (1 + x)In]. (6) 

For any value of x the function F&) is always lower than Fz(x); therefore the value for 
Eg obtained from the KLN formulae is always higher than that calculated from the BHL 
relation. The two formulae are very similar and both approach (1 - x)-'I2 when the 
incident photon energy comes close to the energy gap, i.e. when E+ Er 
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Table 3. Energy gaps E. and the K-parameter for the eight KDP-type crystals calculated 
through the BHL method (equations (3) and (4)) and the KLN method (equations (5) and 
(6)). It also includes the energy gap E? for each crystal obtained by optical dispersion. 

This work Koralewski's work 
. .,....,. _. 

E, 6') X (min Ci-' cm-') E ' W )  
E? EiQ 

ClyStal BHL KLN BHL KLN (eV) BHL KLN (ev)  

RDA 6.7 7.4 0.590 1.18 7.26 - - - 
KDA 6.4 7.2 0.542 1.39 7.23 6.52 7.31 8.01 

~ C D A  5.9 6.6 0.460 1.17 7.24 - - - 
ADA 6.7 7.6 0,635 1.61 7.08 6.32 7.13 6.89 
DRDA 5.8 6.5 0.428 1.06 7.46 - - - .  
DCDA 5.5 6.1 a.419 1 .U 7.38 - 
KDP 7.6 8.5 0.442 1.10 8.31 7.72 8.66 8.58 
RDP 6.2 6.9 0.289 0.705 8.37 - 

, , ~ . . . 

- - 
- - ~~ 

~~ ~ ~~ 
~~ 

~~~~ 

In the case of phonon-assisted transitions between the conduction and the valence 
bands, we must include also the phonon energy Eph,in the equations. Assuming a one- 
phonon emission and absorption process, Kolodzicjczak er a1 [17] found the relation 

nV = K3F3(x ' )  (7) 

F3(x') = (l/x'*) In[l/(l - d2)] + (1,'~') h[(l - x ' ) / (1  + x ' ) ]  + 1 (8) 

(9)  

wherex' = E/(E,  + .Eph) and 

while Boswawa eta1 [I61 obtained the result 

nV= K4F4(x') = K&In[l/(l -x f2) ]  + (]/a') h[ ( l  - x ' ) / ( l  + x ' ) ]  + I}. 

These last two functions are quite different from F ,  and F2, rising more slowly, without 
diverging when E approaches Eg The BHL and KLN formulae, although derived for the 
first time for semiconductors, were later successfully extended for insulators, giving also 
in thiscase valuesof Eg in fairly good agreement with those obtained from other methods, 
such as absorption spectra and optical dispersion. 

From our Verdet constant dispersion data we calculated the values of Eg for all the 
samples by employing the BHL and the KLN formulae. We found that the difference 
between the values of Eggiven by the two methods was in the range 10-15% for all the 
samples. Valuesoftheindexof refractionforoursamplesasafunctionofthe wavelength 
were calculated using the dispersion relation for each crystalgiven in the work published 
by Kirby and DeShazer [9] .  In table 3 we display the values of Eg obtained from both 
the BHL and the KLN methods, including also in this table the results published by 
Koralewski for three of the crystals: KDP, ADA and KDA. It can be seen that, for these 
last crystals, the difference between Koralewski's values and ours is only of the order of 
1 eV for KDA and KDP and diminishes to 0.4 for ADA, which means that quite reasonable 
agreement was obtained. This agreement is more remarkable for ADA since that sample 
showed one of the highest errors for its Verdet constant measurement. 

We also tried to fit our data using the function given in equations (8) and (9), which 
corresponds to the case of phonon-assisted transitions, but the values obtained for EPh 
were physically unreasonable. 
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We display in table 3, for comparison, the values of Eg for each of our samples 
calculated from the ordinary refractive index dispersion data using the relation proposed 
by Wemple and DiDomenico [19]. The value of Eg calculated from optical dispersion 
will hereafter be denoted as EZP. According to the model of Wemple and DiDomenico, 
a plot of (nZ - l ) - I  against l/AZ should be a straight line, from which can be calculated 
the parameter E, (oscillator energy). E E P  is related to E ,  by the approximate relation 
Eo = 1.5E;p. We plotted (n’ - l)-l as a function of l / A - 2  for each of our samples using 
the datagiven by Kirby and DeShazer [9] for the ordinary index of refraction, restricting 
ourselves to only the linear portion of the plot, i.e. without taking into account the 
ultraviolet and the near-infrared data points which showed deviations from the fitted 
straight line. We should point out that the values obtained for E;’ depend strongly on 
the source used for the index of refraction data, which explains the difference between 
our values for EgDP and those given by Koralewski et ai [2] for KDP, ADA and KDA. The 
E;P-values for five out of the eight crystals lie between the values for E,obtained by the 
BHL and KLN formulae, orvery close to them. Larger discrepancies are found for the two 
deuterated crystals DRDA and DCDA and for RDP; such a behaviour can be explained if 
we take into account that anerror ofonly 1% in the measurement of the Verdet constant 
for the shortest wavelengths causes a shift in the value of E, as high as 0.5 eV for the BHL 
fitting. 

In spite of such an uncertainty in the calculated values for Ea we can conclude that, 
regarding the magnitude of the energy gap, the crystals that we studied could be divided 
into three groups: in the first group we have the deuterated crystals with the lowest 
values for E,, followed by the arsenate family with intermediate values for Eg and finally 
in the last group are found the phosphates with the highest values of E,._We shall recall 
that the same three groups were observed when we studied the average y-values for our 
crystals. 

Summarizing, we can say that theeffect of the substitution of hydrogen by deuterium 
in the samples is to shift the band absorption edge to longer wavelengths; the same effect 
is observed when the anion H2P0T is substituted by H2AsOT. 

We would like to remark that the MORD method allows us to obtain values for E, in 
very good agreement with those found by other methods, even for the case, like ours, 
where the photon energy E is far from the energy gap Er Certainly, more accurate 
values of E, could be obtained by using light sources in the ultraviolet with a photon 
energy much closer to the absorption edge. 
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