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A microwave detector based on a self-sustained oscillator circuit is proposed as a means to
investigate the real and imaginary components of the dielectric permittivity of liquid crystals in
external electric and magnetic fields. Results are given for measurements of a 500 MHz
oscillator frequency for two types of nematic crystals, 5CBP and MBBA. Fundamental regularities
are identified in the behavior of the microwave dielectric permittivity of samples in electric

and magnetic fields. It is shown that the minimum of the high-frequency dielectric loss in liquid
crystals correspond to a situation in which the long axes of the molecules are oriented

parallel to the direction of the microwave electric field. 1®98 American Institute of Physics.
[S1063-784298)02201-9

INTRODUCTION the sensitivity of the system and the accuracy of the mea-
surements. The operation of the system is illustrated by the
As a rule, the dielectric constants of liquid crystals areresults of experimental studies of the behavior of the dielec-
studied in the frequency rande=0—10 Hz, where the dis- tric constant of two typical nematogens: 4-n-pentyl-4- cyano-
persive properties of the materials arising from the orientabiphenyl (5CBP and 4-methoxybenzinidene-4- butylaniline
tional mechanisms for polarizing the molecules are mostMBBA) under the action of dc electric and magnetic fields.
strongly manifest. In contrast, in the higher frequency deci-Discussion of the results obtained is based on descriptions of
meter wavelength range f(= 10°— 1% Hz) the behavior of processes whereby electric and magnetic fields orient the di-
the dielectric permittivity of liquid crystals and its interrela- pole molecules of the liquid crystals and change the value of
tion with molecular orientation processes in electric andthe microwave dielectric loss connected with them.
magnetic fields have been practically unstudied. This is
mostly due to experimental difficulties, since traditional de-
tectors based on lumped elements no longer work in thi$ELF-SUSTAINED OSCILLATOR DETECTOR CIRCUIT
frequency range, while electrodynamic structures with dis-  The frequency-defining loop of the microwave detector
tributed parameters are too cumbersome, and hence poss@g$-sustained oscillator circuitFig. 1) is a microstrip
inadequate sensitivity. “ring” resonator that includes the vertical measurement
In order to study liquid crystals in the decimeter wave-p|ates! The oscillator is placed in a metal package with di-
length range, we developed a new and original miniaturgnensijons 3&24x15 mm. The resonator structure itself,
mlcrowave detector structure built around microstripwhich serves as the top cover of the package, is made on a
circuits® We showed that microstrip measurement cells carsypstrate of polycorg=9.8) with thicknessh=1 mm, di-
be used to accurately identify changes in both the real anghensions 2430 mm. In this case the lower metallized side
imaginary components of the dielectric permittivity of liquid of the substrate, which we referred to as the ground plane,
crystals subjected to an external electric field, even for quitgvas soldered to the walls of the metal package of the detec-
small liquid crystal samplegwith volumes=10"3cm 3).  tor along its entire perimeter. The picture shown in Fig. 1
The thickness of the sample layer in the microwave detectogiso includes the wires on the upper side of the substrate.
is determined by a gap between measurement plates, a®bld-plated measurement platea) (with dimensions 2.5
ordinarily is =100 um. This is comparable to the thickness x2.5 mm were soldered to the metal pads at the ends of the
of real liquid crystal cells used in various practical devices.striplines of the microstrip resonator vertical to the plane of
Gaps of this size allow us to obtain important informationthe substrate so that the measurement gap had a value of
about the influence of surfaces that bound the liquid crystai00um. A liquid crystal placed in the gap is subjected to
sample on the behavior of the dielectric characteristics of thegurface tension forces. In order to decrease the effect of the
material. capacitance between the edges of the detector package and
The microstrip detectors described in Ref. 1 were conthe measurement plates, the latter were located close to the
structed for operation in tandem with standard devices focenter of the substrate, at the expense of bending the strip
measuring amplitude-frequency characteristics. In this papdines. To do this, a rather small portion of the metallized
we discuss complete microwave detector structures in whicBcreen was removed from the backside of the substrate di-
the microstrip measurement resonator is included as part okctly under the detector measurement plates by chemical
the frequency-defining loop of a microwave self-sustainecdetching.
oscillator circuit. This arrangement significantly increases  The self-sustained oscillator circuit was tuned for exci-
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+ - tween the end-face poles of the magnet so that the direction
of the field H was either parallel or perpendicular to the

L% Al G 1 direction of the high-frequency and external dc electric
10011 0% L) 100 P I ) field
'_ 5 R, 1eldas.
Irrdﬁ.?wa 35k
chH— 64| p SAMPLES AND METHODS OF INVESTIGATION
a | ! 2 As we have already mentioned, as samples for our in-
Cy _L [1]’73 ”P’T I €y vestigations we used two widely known nematogens—the
J I  ad 2k 509 I’m compound 5CBP, with a relatively high positive dielectric
b anisotropy? and the weakly anisotropic liquid crystal MBBA
1L 6 1 with negative anisotropy.°> Our measurement method was
500 the following: the liquid crystal was placed in the gap be-
I J tween the measurement plates of the self-sustained oscillator
¥ +88 microwave detector, and was kept there for an hour in order
FIG. 1. Basic circuit for the self-sustained oscillator detecier-output for it to reach its equ"lb”um S,t?te' Wlth!n, FhIS time, the
(frequency, 2—output (amplituds. temperature of the detector stabilized and initial values of the

frequency and amplitude of the self-oscillations were estab-
lished. For each sample of liquid crystal a magnetic figld
) o was applied, and the dependence of the relative frequency

tation of the fundamental half-wave mode of oscillation OfchangeF(H) was measured along with the relative change
the microstrip resonator. In orde_r to feed the transistqr with g, amplitudeP(H) of the detector self-sustained oscillations
c_ons_tant curre_nt, the upper strip of the res_onator |_s.shorl'i—n the steady-state regime. Analogous functiéi{®)) and
qrcuned by a jumper to the papkage at a p0|r_1t of miNiMUMp ) were measured when an electric potentialvas ap-
high-frequency voltagépoint b in Fig. 1). In this case the pjied to the measurement plates of the detector. We also
collector of the transistor was connected directly to the St”ﬂnvestigated the dependence of the changes in the microwave
of the mlcrostnp resonator at pglntX n order to create parameters of the self-sustained oscillator under the com-
conductive(autotransformegrcoupling with the resonator at pinad action of electric and magnetic fields on the liquid
high frequencies. An orienting electric field was Createdcrystal.
across the measurement plates by applying a dc voltage 0" gqr an optimal choice of the structural coupling between
the latter through the decoupling resistd®s and Ry. In he microstrip resonator and the microwave transistor, the

order to galvanically decouple the power supply we useqgye| of self-oscillations in the oscillator depended linearly
divider capacitor<C; andC,. The microwave oscillator was g the Q-factor of the frequency-determining resonator,

designed to have two outputs: one for measuring frequencyyhich in turn was related in this experiment to the dielectric
and the other for measuring the amplitude of the selfy55 tangent of the liquid crystal sample. As a result, the
sustained oscillations. The circuit was tuned by setting UR)pserved change in the microwave oscillation amplitude
optlmum conduc_tlve c_ouplmg between the res_onator ar_1d thP(U,H) was inversely proportional to the change in the
microwave tranS|s_t0r, i.e., we looked for an o_phmum point toimaginary component of the dielectric permittivity of the
connect the transistor collector to the strip line of the reSOzampleAs”. As is well known, changing the real component
nator (), and carefully chose poinbj near the midpoint of ¢ the dielectric permittivity of the liquid crystal samples’

the stripline of the microwave resonator as ground. Pouringes4s to a change in the resonant frequency of the self-

liquid crystal into the measurement gap significantly reducedsiained oscillator detector: the frequency increases as the
the Q-factor of the resonator half- wave mode, and we founQjigjectric permittivitys’ decreases, and conversely. Conse-
that the oscillator spontaneously switched to higQer- quently, F(U,H)~(Ae’) .
“parasitic” resonances. In order to avoid this instability we
needed to position the circuit components compactly_near thsESULTS OF EXPERIMENTAL INVESTIGATIONS
resonator and choose a capacita@zeto shunt the higher
resonances to ground. The working frequency of the self- Figure 2 shows the dependence of the relative change in
sustained oscillator microwave detector, which was meathe level of microwave oscillations of a detector containing a
sured using a digital frequency meter, was around 500 MHsample of 5CBP. For convenience of comparison the depen-
when the sample of liquid crystal was poured into the gap. Irdences on electric potentid(U) and on magnetic field
this case the microwave oscillation amplitudes measured b(H) are shown on the same figure. Analogous curves plot-
a digital volt meter at the output to the microwave detectorted for a sample of MBBA are shown in Fig. 3. Curvesn
were found to be about 0.1 V. these figures were plotted for no magnetic field £0),
Note that all our experiments on liquid crystals werewhile curves2 and 3 were plotted for no electric field
carried out at a temperatuiie=24+0.1 °C. Therefore, the (U=0). The dependences 2 were plotted for the case where
microwave detector was placed in a miniature thermostathe direction of the dc magnetic field was parallel to the
which was placed between the poles of an electromagnetlirection of the high-frequency field in the measurement
The magnetic field could be varied up to a valiee2.3 kOe.  gap of the detector, while the curv@svere opposite, i.e., the
The self-sustained oscillator package could be rotated bedirection of the fieldH was perpendicular to the direction of
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5CBP samples the fieldH.~120Oe, and the field

% 5 E.~3 V/mm. Since the anisotropy of the diamagnetic sus-
N ceptibility of the crystaly, is a quantity of order 10’, Eq.
5 (1) allows us to infer that the anisotropy of the dielectric
a&n B permittivity e,~2. This value ofe, is in good agreement
s } with the results of other measurements on liquid crystals of
< 2k this type.
5 The measurements on the samples of liquid crystal
0 MBBA (Fig. 3) show that the electric and magnetic critical
-10 fields are almost an order of magnitude larger in these
20 samples than in the crystal 5CBP. This is entirely natural,
since it is well known that the crystal MBBA is only weakly
FIG. 2. Dependence of the relative level of microwave oscillations in aanisotropic.
detector with a sample of 5CBP on the electric poteritidl) and magnetic By analyzing the behavior characteristics of the electric
field P(H). and magnetic dependencB¢U) and P(H) in fields above

the critical fields we can obviously determine qualitatively

the initial configuration of the molecular states and the pro-
e. Moreover, the function®(U) were plotted while a mag- cesses that orient them under the action of these competing
netic fieldH=2.3 kOe acted simultaneously on the sample;forces. Note that the orienting action of the magnetic field is
this field was directed either parallel é(curves4) or per-  connected with the diamagnetic component of the suscepti-
pendicular toe (curves5). bility caused by the presence of benzene rings in the compo-

The features observed in the behavior of the curvesition of the molecules. The minimum in magnetic energy

P(U) andP(H) are connected with the well-known second- corresponds to a state where the plane of the benzene rings
order orientational phase transitions that have been given thess in the direction of the magnetic field. This implies that in
name Fredericks transitionsThese transitions are a conse- this type of liquid crystal the long axis of the molecule is
quence of the competition between two forces that act omriented parallel to the magnetic field.
molecules of the sample, one exerted by the walls of the cell  |et us first discuss the effect of dc magnetic and electric
that bound the liquid crystal and the other by the externatields on the value of the microwave dielectric loss for the
field. The primary feature of a Fredericks transformation isjiquid crystal 5CBP. As is clear from Fig. 2, when the exter-
the presence of critical fields above which the initial orien-na| magnetic field is parallel to the high-frequency field
tational configuration of the molecules created by the wallghe amplitude of the self-sustained oscillations of the detec-
becomes unstable and the director of the molecules shifts i@y increase monotonically with increasikigup to saturation
a new state determined by the magnitude and direction of th&urve 2). In this case the long axes of the dipole molecules
external fields. For liquid crystals of nematic type with gre rotated normal to the plane of the measurement plates,
anisotropies in the dielectric permittivity,=z|—&, and e, parallel to the high-frequency fietd which appreciably

magnetic susceptibilityy,= x| —x. , the relation between gecreases the microwave dielectric loss in the liquid crystal
the critical electric field€; and magnetic fieldsi; can be  ggmple.

described by the following expressfbn However, in the opposite case, when the direction of the
1 EaEg magnetic fieldH L e, the amplitude of the self-sustained os-
ExaH§= . (1)  cillations, and consequently the dielectric loss in the liquid

crystal sample, are almost unchangedrve 3 in Fig. 2.
From Figs. 2 and 3 it is clear that the critical fields are Obviously this direction of the magnetic field should orient
easy to determine from the experimental results. For thehe long axes of the molecules along the measurement plates,
that is the long axes of the molecule should rotate perpen-
dicular to the direction of the high-frequency field. As a re-
sult, the dielectric loss should increase and the amplitude of

& 3 the self-sustained oscillations should decrease. The fact that
I experiments do not reveal any significant chang®(#l) in
_4r £ this situation is evidence that all the dipoles are already ori-
=T ented along the walls of the measurement plates due to the
a0t orienting forces exerted on the molecules by the surface.
- Sincee, is positive for the liquid crystal 5CBP, the par-
0 allel orientation of the director along the microwave field
-10 LI L L ] 0 should be established even when the external field applied to
0 3-”// kg-eﬂ 0 v ‘?V 30 40 the measurement plates acts on the sample as well. And, in
? ?

fact, as is clear from Fig. 2, the behavior of the function
FIG. 3. Dependence of the relative level of microwave oscillations of aP(U) (curve 1) shows praCtlca"y no difference from that of

detector with a sample of MBBA on the electric potenf{U) and mag-  the corrgsponding_ “_magnet_ic’_’ curve). Ba$ed on what we
netic field P(H). have said above, it is not difficult to explain the behavior of
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the “electric” curves4 and5, which were plotted with the the computed angle~42°. It is clear that the observed
maximum magnetic fieltH =2.3 kOe acting on the sample at change in the quantit?(H) is in rather good agreement
the same time. Obviously the strong magnetic field appliedvith the maximum change iR(U), which confirms that an
parallel to the high-frequency field in this experiment almostoblique orientation of the director forms in the electric field.
completely orients the liquid crystal, rotating the long axesThe rather small values of the dielectric anisotropy in the
of the molecules along the direction ef As a result, as the liquid crystals MBBA, as we already mentioned above,
additional electric field applied in this direction increases wecauses the critical field to increase significantly to
observe only a rather small rotation of the molecular axesE.=50 V/mm (curve 1), and to increase t&.=140 V/mm
therefore, there is only a slight increase in the oscillation(curve5) when a perpendicular magnetic field acts simulta-
amplitudeP(U) (curve4). neously on the sample.

However, for a perpendicular applied magnetic field the  Note that in all the experiments the relative change in the
long axes of the molecules are oriented almost perpendiculaelf-sustained oscillator frequency did not exceed a value of
to the direction ofe. As a result, we require a considerably F~0.6%. Decreasing the microwave loss in the liquid crys-
larger dc electric field to rotate the molecular axis by 90°,tal samples under the action of electric or magnetic dc fields,
because it is necessary to overcome not only the orientings a rule, led to a decrease in the frequency of self-sustained
forces exerted by the surfaces of the measurement plates bagcillations of the detector, i.e., to an increase in the real part
also the orienting forces exerted by the magnetic fieldof the dielectric permittivity, and conversely. Thus, these ex-
Therefore, in these experiments we observe a significant irperiments show that even in the decimeter wavelength range
crease in the value of the critical fiekey (Fig. 2, curveb). the processes that orient the molecules are accompanied by

The liquid crystal MBBA differs from the crystal 5CBP rather large changes not only in the imaginary part but also
by the negative anisotropy of its dielectric permittivity the real part of the components of the microwave dielectric
(e,=—0.59); however, the anisotropy of the diamagneticpermittivity of these liquid crystal samples.
susceptibilityy,=1.23x 10"’ in these materials is positive.

As a result, the long axes of the MBBA molecules are ori-CONCLUSIONS

ented along the direction of the magnetic field, just as in the
crystal 5CBP, while the “magnetic” functions shown in Fig.
3 (curves?2, 3) are very similar to the analogous curves for
5CBP (Fig. 2). The magnetic field parallel to the high-

The self-sustained oscillator detector scheme described
in this paper for studying the properties of liquid crystals at
microwave frequencies allows us to identify operationally
. . . and with good accuracy the relative changes in both the real
frequency field orients the axis of the molecules aleng and imaginary components of the high-frequency dielectric

'(Zherzfore., th? dm[et;tr;;:] Io:s S?ﬁ ”f"’?ses to a m;gmumnve i permittivity of samples subjected to external fields. The high
,)' eeping in min € fact that increasing the magne ICsensitivity of this method reveals even greater potential for
field H, causes only a slight change in &f(H) in this

. Fig. 3 o3 ¢ that the orienti performing new and very precise experiments connected
experiment(Fig. 3, curve3), we may assert that the orienting with the study of orienting processes in liquid crystals, and
forces exerted by the walls of the measurement plates ar

. iIv directed in the ol f the plates for MBBA. t&so distinctive features of the interaction between liquid
gzrslToarrgé:élfc ed n the planes of the piates for +Jus crystal molecules and surfaces made from various materials

. . that bound the sample.

. However, in contrast to t.he previous cases, when we In this paper we have shown that the changes in micro-
simultaneously apply the maximum magnetic fiigito the wave dielectric characteristics of the liquid crystals 5CBP
sample of MBBA crystal a_nd increase the vo Itage W€ and MBBA are uniquely related to processes that orient the
observe' a S“ght. decre:'ase in .the valueRgl)), i.e., an In- dipole molecules. We have also shown that the case where
crease in the dielectric loss in the crystalirve 4). Thls ._the microwave electric field is parallel to the longitudinal

fth lecul to deviate f the directi f th Iaomponent of the dielectric permittivity of the liquid crystal
of the molecular axes to deviate lrom Ihe direction of the orresponds to a minimum dielectric loss. In this situation

parallel orienting magnetic field. This anomalous behavior oﬁve established experimentally that the value of the dielectric

P.(U) is explained by the fact t_hat th_e paralltlella.nd PErPEMNhsses in liquid crystal samples at microwave frequencies are
dicular components of the d_|electr|c permittivity in the comparatively large, although, as follows from other papers
MBBA crystal d|f5fer only slightly from_ one another. (see Refs. 2—4)ghe dielectric permittivity of liquid crystals
?\\:5'17'_%%4'58' In th's case the direction of the resuilt- Pas the tendency to decrease rapidly as the frequency in-
ing polarization .V.ECtOI"IS determlneq as the vector sum Otreases due to the large inertia of the polarization oscillations
these two quantities. Since the polarization vector at lafge ¢ i1« molecules. From this point of view, in the microwave

is oriented along the dc electric field, the long axis of therange a liquid crystal should have only insignificant dielec-

molecule turns out to be rotated relative to its original state af;. | sses approaching those of the optical absorption coef-
U = 0. As a result, the microwave dielectric loss increaseg; jant in magnitude

accordingly. The angle through which the long axes of the

. ) It would be logical to assume that strong absorption of
molecules rotate can be determined from the relation

microwave power observed in these experiments is caused
p=arctaris, /z))=42.34°, 2) py phgrging of i?rg3 complexes or impurities that are prgsent

in liquid crystals;® whose concentration can be quite high.
As a proof of what was said above, in Fig. 3 we showHowever, this assumption does not explain the fact that di-
curve 6, which was plotted for a magnetic field oriented at electric loss in the experiments changes significantly when
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