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Applications of photoinduced electron spin polarization at room
temperature to microwave technology
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We present a method for controlling the bulk permeability via spin polarization generated by light
excitation. This process involves the magnetic interaction of photoexcited triplets with stable
radicals in liquid solution. The resulting non-Boltzmann spin population of the stable radical is
reflected by a significant change in the permeability of the chemical system. We demonstrate how
these light-driven changes result in conspicuous changes in the reflection coefiosfitude and

phase of a microwave cavity in which the active chemical system is placed. This effect can lead the
way to ultralow noise microwave amplifiers and low-loss microwave phase shifters, operating at
room temperature with very low spin temperat(#€l6 K). Moreover, the nonlinear character of the
phenomenon can be utilized for devices, which protect sensitive instrumentation from a strong
destructive microwave pulse. @001 American Institute of Physic§DOI: 10.1063/1.1401790

Controlling the magnetic permeability in paramagnetic It is noteworthy that a radio-frequency amplifier, based
materials has been recognized as an important feature in migpon nuclear polarization at room temperature was suggested
crowave technology-® The general concept is to exploit in the past? However, this approach is restricted to low
changes in the electron spin population of the magnetic Zeeg-adio frequency(<50 MHz and magnetic fields of 10-20
man levels, thus allowing us to amplify the electromagnetidkG), where existing solid-state electronics provides better
radiation in the bulk material. These early studies resulted imoise performances.
the three-level solid-state magenicrowave amplification by The population differencAN between the spin levels is
stimulated emission of radiatipramplifier based upon the directly related to the macroscopic magnetic permeability of
paramagnetic properties of the electfotThe main advan- the active materialu=1+4mx, where the volume magnetic
tage of using the maser is typified by its extremely low-noisesusceptibility,x=«'—ix", is expressed By
figure as compared to conventional microwave amplifiers, " "

e.g., vacuum tubes and GaAs field effect transistors. For ex- (v=vo)=AN/B-hy* (179 1"(v= o), @
ample, maser technology was used in the discovery of th@here y is the electron gyromagnetic ratio (1.76
3.5 K background blackbody radiation of the univetéeen 1o/ G's!) and f"(v—1y) is the normalized
today, the most advanced state-of-the-art semiconductor mihsorption/emission line shape functiorfusually a
crowave amplifiers, e.g., high electron mobility transistors,|_orentzian®* with a maximum atvy. The real part of the
cooled to cryogenic temperatures can achieve noise tempergolume magnetic susceptibility’, which is related to the
ture of ~6 K, while the maser achieves noise temperature okignal phase, can be obtained by replacing the line shape
~3 K at ~9 GHz/ In general, the gap between the maserfunction "(v— o) with the functionf’ (v—rg).*3

noise performance relative to cryogenic semiconductor am- e present here an approach to chapgeia photoex-
plifiers increases with microwave frequency. citation, by controllingAN [Eq. (1)]. This effect is also

To achieve amplification in a paramagnetic-based maseknown as electron spin polarizatiéBSP, generated in pho-
one must achieve inverted spin population, which corretoexcited chemical system3By optimizing the parameters
sponds to a negative spin temperature. This is done in coraffecting the ESP value, we have achieved changeg,in
ventional masers by microwave pumping, but with the re-which are large enough to produce significant changes in the
striction of operating at very low temperatur€6<2 K).  microwave power reflected from the cavity loaded with the
This restriction, which precluded the wide use of masers, caactive material. Thus, by controlling, two necessary con-
be accounted for by two reasons. First, by microwave pumpelitions for possible microwave devices can be materialized,
ing high population inversion can be achieved, onlkdT ~ namely: (a) achieving maser action, i.e., amplification of a
<hv. The second reason is that the active materials in thenicrowave signal with very low noise; angh) controlling
microwave pumped masérexhibit a very steep dependence the phase of a microwave sign@w-loss phase shifteérThe
of the spin-lattice relaxatioiSLR) time upon temperature. latter condition was accomplished and can be implemented
Thus, at high temperatures, the fast relaxation cannot allown a prototype device for protecting sensitive receivers from
for efficient pumping of the magnetic levels. Pumping thestrong pulsegsee below.
levels by optical excitation can overcome the first difficulty In order to generate high ESP, we have utilized a unique
of very low temperaturé-!* Nevertheless, the second con- process based on the interaction of photoexcited triplets with
straint of short SLR time still limits the maximum tempera- stable radicals in solutiotf:'” This interaction is powered by
ture of operation to~10 K. the spin exchange and the triplet's zero-field splitt{@gS)
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FIG. 1. Experimentaldotted and calculatedsolid magnetization as a o 20 40 60

function of the delay timet, after the laser pulse. Notice the change
in magnetization from positive valugshermal equilibrium in absorption
into negative onegspin polarized in emissionThe chemical system con-
sists of the free radical trityltris-(8-carboxyl-2,2,6,6-tetrakis-methyl-  for the system of trityl-etioporphyriiconditions as in Fig. Rin a single-
benz¢1,2d:4,5-d]bis(1,3)dithiole)methy), with a linewidth of ~1 MHz ring dielectric cavity with a hole in it(Dotted line@ Same experiment, but
and the triplet of etioporphyrin in a mixture of 1-chloronaphthalene:paraffinemploying a double stacked dielectric resonator with different coupling pa-
oil (20:80 with a viscosity of 10 cP. Further experimental and theoretical rameters and a smaller filling factor.

details are given in Ref. 19.

t/ us

FIG. 3. (Solid line) Time dependence of the reflection coefficient, measured

parameters, leading to high, controllable, and reversible ES®hereAP,; is a complex number whose phase is related to
generated in the radic&:*®*°The radical’s polarization de- the cavity’s coupling properties and the radical’s ESP mode
pends upon the triplet and radical properties, solvent viscogabsorption or emission P, is the incident microwave

ity, and temperature, which can be optimized to obtain highpower on the cavityy is the filling factor of the illuminated
values of ESP?~2°The optimal parameters, as predicted by sample?! p=arctarix’/«"), and the quality factor of the cav-
theory, are 300—-500 G for the triplet ZFS parameter, solvenity Q. already includes the dielectric losses of the sample,
viscosity of 20—100 cP, and radical linewidth as small asbut does not include the losses due to power delivered to the
possible. Figure 1 presents typical experimental results, corexternal load. At resonance we relate onlyx§ which is
firmed theoretically, of the radical’'s magnetization as a func—~5x10"* [calculated by Eq.(1) with AN~1.2x 10

tion of the delay time after the laser pulse. spin/cc (Fig. 1),*° and the radical linewidth of~1 MHz].

We demonstrate here a preliminary devi€ég. 2), op-  Finally, the filling factor# of the illuminated part of the two
erating at room temperature, based on a chemical systeoavities employeddouble stacked dielectric resonafoand
which upon photoexcitation exhibits ESP. This prototype en-a single dielectric ring resonajonvas calculated to be-0.15
ables us to significantly change the amplitude and phase efnd 0.25, respectivef},and the loade®, was measured to
the loaded cavity's reflection coefficieRte due to photoin-  be 1000 for both resonators. Inserting these values ifZg.
duced permeability changes in the chemical systeim. 3.  we obtain a predicted noticeable changeAd?,./P,=0.18
As of now, we have achieved a maximum change of abou&nd 0.3 for the two cavities at room temperature, which fits
25% in the reflected wave, relative to the impinging radiationwell with our experimental findings shown in Fig. 3. Thus,
amplitude. the current microwave systelffrig. 2) allows us to view

We discuss the experimental results of Fig. 3 through thehanges ilAP /P, due to changes in photoexcitation in-
relation betweerP,; and u. For a nearly critically coupled tensity, which vary between 0 and 0.25 and may extend over
cavity, and within the first-order approximation of small several hundreds of microseconds after the laser pulse. In
changes in the reflected pow&iP,;, one obtain& addition to the amplitude change of the reflection coefficient

AP, _ a phase change of 30° was measured using in-quadrature
—5 = *i0.193 4wk Q.= *0.193 477 Qq| xe'?, phase detector.

0 The threshold value for maser action requires that the
@ amplification due tox” should be larger than the dielectric
losses, implying thaf

FIG. 2. Schematic presentation of the microwave system, which measures

microwave
generator K">(4mnQ,)* ®)
diode/IQ ; .
detector and 1Q, =1/Q.+1/Q, wWhere Qg corresponds to addi-
< circulator | magnet tional losses of power delivered to the external |Gagur-
v ther improvements in the filling factor of the cavity and of
pre-amplifier T‘ the chemical system may close the gap between the current
double stacked performance and the required one for achieving this thresh-
v dielectric cavity old (a factor of~4). Realization of such a maser can lead to

digital scope

1
trigger

?

532 nm pulsed-
laser

the time-resolved reflected powBr,; from the microwave cavity.

new types of microwave amplifiers, operating at room tem-
perature and still maintaining a low noise figure. The noise
temperaturd ,, for such a device can be approximated by the
expression*1°

1
Tm=1_)\[)\T)\+|TS|], (4
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sample in The short lifetime of the photophysical processes de-
cavity scribed (up to 300 us), allows operating the devices only
with synchronized microwave pulses. In principle, these de-
T vices can be operated in a continuous wave microwave ex-
Z, citation mode, using high-repetition laser pulses. In our sys-
tem, this will require a laser power 6f10 W=1 mJ/pulse
X1/100 us to maintain steady state magnetization. This
value is too large for the sample to sustain heating effects
and photodegradation. Thus, it can be concluded that cw op-
eration requires further improvement of the device constitu-
ents(e.g., cavity, active chemical material, and laser perfor-
. - . mance.
where\ represents the losses in the transmission line from To summarize, this work demonstrates the applicative

the source to 'Fhe cawt% is the amblent temperaturg of the aspects of ESP, generated by a photophysical process at
transmission line, and is the spin temperature, which de-

. L . _room temperature.
pends on the deviation from thermal equilibrium of the spin
levels and can be calculated using the equé‘tiolﬁ's| This work was partially supported by the Israel Ministry
=|AyHy/kgInB|, whereB=(1—AN/N)/(1+AN/N), and of Science and Ministry of Defence. The Farkas Research
H, is the magnetic field. With the chemical systems used irCenter is supported by the Bundesministeriimdie Fors-
our experiments we have obtainédN/N~—0.014, which  chung und Technologie and the Minerva Gesellschaft fu
corresponds td¢~15.5 K. Inspection of Eq(4) shows that Forchung GmbH, Germany. This work is in partial fulfill-
the noise temperature can be much smaller than the ambientent of the requirements for a Ph.D. deg(éeB.) at the
temperature, i.e., when—0.°" In practical designs\ can  Hebrew University of Jerusalem. The authors are grateful to
be as low as 0.01-0.055, which gives a noise temperatyre Dr. Lars-G. Wistrand from Nycomed Innovations in Sweden
that is very close to that of the spin temperatiite®°1%2>  for providing them with the trityl radical. Valuable discus-
Noise temperature below the ambient temperature is alsgions with Dr. A. Berg of the Hebrew University are highly
common in conventional solid-state electronic amplifférs. appreciated.

Combm.|r_19 the nonlinear prop_ertles of the spin s_y:_stem IN. Bloembergen, Phys. Ret04, 324 (1956.
and the ability to control the cavity’s reflection coefficient 2j. wittke, Proc. IRE45, 291 (1957.
enabled us to construct an electromagnetic limiting device®J. Orton, D. Paxman, and J. Wallinghe Solid State MasePergamon,

; i inati iti _New York, 1970.

(E!_D) (F|g..4). This application should protept sensitive re- , \°C 1’ Scovil, G. Feher, and H. Seidel, Phys. 7621957,
ceivers, which may pg gxposed to strong microwave pulsess; \weber, Rev. Mod. Phy81, 681 (1959.
The advantage of utilizing the ESP phenomenon in such &A. A. Penzias and R. W. Wilson, Astrophys. 142, 419 (1965.
device is the low losses of the system, while other protective7i\1/'2- 1Bz;i1tdi1ﬁ5e'|v| T. HZ%%TDO& aglq rJ1 ;emandez, TMO Progress Report No.

. . . - , ay unpublishe
devu_:es add substgntlal n0|se.and_ Iosse_s to the.system. ThuesA_ L. McWhorter and J. Meyer, Phys. Rel09, 312 (1958,
a spin system subjected to high intensity of microwave ra-°y_ Hsy and F. Tittel, Proc. IEEE1, 185 (1963.
diation is saturated, implying thaiN—0 and u—1. The  *°E. Sabisky and C. Anderson, IEEE J. Quantum ElectB287 (1967).
signal from the antenna is reflected at the waveguide junction C: Anderson, B. Feingold, and E. Sabisky, US patent No. 3,736,518
with reflection .CoeffICIem am.p“t,Ud.eT: (Zl—ZO‘)/(Zl 12A. L. Buchachenko and E. L. FrankevicBhemical Generation and Re-
+Zp), whereZ, is the waveguide’'s impedancg; is the ception of Radio and Microwav@/CH, New York, 1994.
impedance at the junctiofobeying 12, =1/Zy+1/Z;), and A Yariv, Quantum Electroni(C$Wgey, New York, 1967.

; ; ; F. Bloch, Phys. Revr0, 460 (1946.
Z2 I.S the !mpedance at the ?ntrance of the s.tUb 'e‘f"d'”g to tth. L. Lepley and G. R. Clos€hemically Induced Magnetic Polarization
cavity. Wlthou_t laser excitation, the system is designed such ey, New York, 1973.
that Z,<Z,, i.e., Z,~Z,<Z,, implying that most of the *°C. Blatler, F. Jent, and H. Paul, Chem. Phys. L&#6, 375 (1990.
power is reflected back from the junction. When the chemi-"V. Rozenshtein, G. Zilber, M. Rabinovitz, and H. Levanon, J. Am. Chem.

. - ; g s Soc.115 5193(1993.

cal system is photoexcited, the_ bulks_ _permeabl_hty IS15 | Shushin, Chem. Phys. Le@08 173 (1993.
changed such that,>Z,. Under this condition, the micro- 1A Bjank and H. Levanon, J. Phys. Chef@5, 4799(2001).
wave signal is channeled directly from the antenna to thé‘l’A. Shushin, Chem. Phys. Le®13 246 (1999.
receiver. If the antenna is subjected to a high intensity signal, G- Feher, Bell Syst. Tech. 37, 449 (1957). ,
. . . . . A. Sienkiewicz, K. Qu, and C. P. Scholes, Rev. Sci. Instr@h,. 68
it will saturate the spin system in the cavity, and the non- 1094,
Boltzmann magnetization, generated by light excitation, will22A. Blank and H. Levanon, Spectrochim. Acta, Parb8, 363 (2000.
be destroyed rapidlyresulting inZ,<Z,, which is equiva-  **J. A. Weil, J. R. Bolton, and J. E. WertElectron Paramagnetic Reso-

: : : nance(Wiley, New York, 1994.
lent to the case with no laser lightTherefore, destructive M. Pospieszalski and E. WollacRroceedings of the 1997 Topical Sym-

signals will not be able to penetrate the junction and will be ,45i4m on Milimeter Waves, Shonan Village Center, Hayama, Kanagawa,
reflected. Japan(IEEE, Piscataway, NJ, 1998/SBN 0-7803-3887-1.

matched

—Z> Za receiver
1

antenna

FIG. 4. Schematics of an ELD.

Downloaded 14 Dec 2012 to 132.68.65.122. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



