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Solid-state systems for the electron electric dipole moment and other fundamental measurements
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In 1968, Shapiro published the suggestion that one could search for an electron dipole iEDidnby
applying a strong electric field to a substance that has an unpaired electron spin; at low temperature, the EDM
interaction would lead to a net sample magnetization that can be detected with a superconducting quantum
interference devicdSQUID) magnetometer. One experimental EDM search based on this technique was
published, and for a number of reasons including high sample conductivity, high operating temperature, and
limited SQUID technology, the result was not particularly sensitive compared to other experiments in the late
1970s. Advances in SQUID and conventional magnetometery led us to reconsider this type of experiment,
which can be extended to searches and tests other than ED§lstest of Lorentz invariangen addition, the
complementary measurement of an EDM-induced sample electric polarization due to application of a magnetic
field to a paramagnetic sample might be effective using modern ultrasensitive charge measurement techniques.
A possible paramagnetic material is Gd-substituted yttrium iron garnet which has very low conductivity and a
net enhancemer(atomic enhancement times crystal screehiofgorder unity. Use of a reasonable volume
(hundreds of crf) sample of this material at 50 mK and 10 kV/cm might yield an EDM sensitivity of
10 %2 ecm or better, a factor of 20mprovement over current experimental limits.
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I. INTRODUCTION M NMﬁ
X= B " 3kt ()

The idea of using solid-state systems for permanent elec-
tric dipole momentEDM) and other fundamental measure- \yhere N is the number density of spins of interekt is

ments has been around for quite some time; with the exceggjtzmann’s constant, and is the sample temperature, in
tion of one EDM measurement of rather unremarkabléhe cases where simple Langevin paramagnetism is appli-
sensitivity, (spin polarizedl solid-state systems have found capje (which we will assume for demagnetized soft ferro-
their only applications in Lorentz violation and long-range an ferrimagnetic materials
force tests using torsion pendulums; $&pfor an overview. We should note that any Hamiltonian of the form of Eq.
Shapiro, in 1968, put forward the idea that one could testy) yjj| lead to a sample magnetization, e.g., a Lorentz vio-
for the presence of an EDM by applying a strong electriCiation would lead to a sample orientation dependent magne-
field to a material with unpaired electron spins; the EDMS ofjzation, or some long-range force would lead to a magneti-
the sample atomeor ions, and therefore the spins, become zation that depends on the separation between the
spin polarized[2]. The degree of spin polarization can be naramagnetic material and a laboratory source. Such experi-
determined, in conjunction with the Boltzmann equation,ments will not be directly discussed here; the possible im-
from the Hamiltonian provements for limits on such interactions can easily be de-
termined by scaling the potential EDM limits presented here
E-J with previous EDM results.
H=—-d—, &Y
Il. PREVIOUS WORK

Whergd IS the EDM. (measured ire cm), E 1S t.he applied The one experiment to measure an EDM by the Shapiro
electric field, andJ is the total atomic(or ionic) angular

. . . _technique employed a nickel-zinc ferrite which could support
momentum. Because each spin also carries a magnetic m

t th e will b tized. The ch 18h electric field of 2 kv/cm and had high resistivity at low
ment, the sample will become magnetized. The change | mperature[3]. The ion of interest in this case is ¥e

magnetic fluxd at the surface of a flat sheet of material with Because of the low atomic number of Fe. the net EDM of the

the application of an electric field is atom isd=0.5d,, whered, is the bare EDM.
One possible source of shielding of the electric field in the
AD=4mxAdE*/u,, ) crystal was neglected in this work. As is well known in the
case of atoms, the net electric field at the site of the nucleus
wherey is the magnetic susceptibilit is the sample area, and at each electron in the atom must be zero for the system
d is the EDM associated with the spin of interest, is the  to be in equilibrium (when only electrostatic forces are
effective electric field at the location of the spins of interest,presenkt In the case of a bulk crystak* is determined by
and ua=9g[J(J+1)]Y2ug is the atomic or ionic magnetic the average ofd-E) over the position of the ion in the
moment. The diamagnetic susceptibility is determined by therystal lattice. We must recall that for the system to be in
ratio of the magnetizatioM to the magnetic inductioB, equilibrium, when only electrostatic forces are present, the

1050-2947/2002/6@)/0221096)/$20.00 66 022109-1 ©2002 The American Physical Society



S. K. LAMOREAUX PHYSICAL REVIEW A 66, 022109 (2002

average of q(r)E(r)), e.g., the atomic charge density times all the magnetic properties of GAGG. The electronic configu-
the electric fieldwhich varies rapidly in the crystalmust be  ration in G&* is complicated, but it has at least ons 6
zero. This effect was not taken into account[8], but is  valence electron; we might expect a net atomic enhancement
likely not a large effect. This is because a system bound onlpf d= a?Z3~ 10, while the shielding of the electric field in

by electrostatic forces is not stable, so there are additionahe crystal might be around an order of magnitude. A pre-
forces within the crystal. Exchange forceshich represent liminary estimate by Sushkov and Kueni] for GdIG
dynamic quantum fluctuations in the fieJdhat ultimately = shows a net enhancement times screening of order unity. We
keep the ions separated are roughly as important as the elezan thus assume in EQ) that dE* =d.E whereE is the
trostatic interactions between ions in a crystal. This iselectric field applied to the crystal.

equivalent to saying that if an ion is “large” it really cannot  The density of Gd in GdGG is about 2cm®, somewhat
move much in the crystal, and the displacement due to thiow, but given the excellent insulating properties, this is an
applied electric field is against the exchange force which haacceptable sacrifice. From EB), assuming an EDM of

a different spatial functional dependence compared to theé0 2’ ecm and an electric field of 10 kV/cm implies

crystal electrostatic forces.

However, there is an effective screening due to the high AD 3.16x10 1° GA
dielectric constant which was taken into accounf3h The ~Ue 27 ;
experimental resuld,=—(8.1+ 11.6)x 10 % represent a T 107" eemx 10 kviem
magnetic sensitivity of & 10 11 G, which was obtained in 55 forT=10 mK, A=100 cn? andAd=17ud,/d,.
3.5 h with a superconducting quantum interference device
(SQUID) magnetometer, with the experiment operated at 4
K. The flux detection sensitivity corresponds to about
5 u®, where ®,=2.07x10"’ Gcn?. We can conclude The best possible energy resolution that a SQUID magne-
that the SQUID sensitivity was 80,0)(1)0/\/H_z. In addition, tometer can achieve is dictated by the energy uncertainty
A'in Eq. (2) is coupled to a SQUID that has a small area,principle, AEAt=7. A useful way to parametrize the sensi-
resulting in an effective sampling are20 2 smaller than  tivity of a SQUID is by its intrinsic energy resolution
the “true” sample area. As will be discussed, this is a generaPEsqt=n#, wheren=1, relative to a perfect SQUID:
problem with SQUID magnetometery.

Further experiments with EuS and EuO proved unsuc-
cessful due to large leakage currents with application of the
high voltage.

B. Magnetometry

2

dE. t APsq # (5)
frd frd n s
= 2c%L,

whered® is the flux through the SQUID loog, is the
Ill. AMODERN SOLID-STATE SQUID EDM EXPERIMENT intrinsic inductance of the SQUID, arnds the measurement
time. Modern SQUID magnetometers routinely achieve an
intrinsic energy sensitivity of order #0 For comparison, the
For a modern experiment, we are considering garnet crysSQUID used with the work described 8] had sensitivity
tals. The iron and gadolinium rare-earth garnets are cubief order 6.4< 107%.
insulating crystals so they have sufficient symmetry to sup- Equation(5) represents the energy noise per second inte-
press quadratic effec{gl]. The rare-earth iron garnetsG)  gration timet, implying a flux sensitivity of
(RIG, whereR is Y, Gd, etc., and is in th&" ionization
statg are ferrimagnetic while the rare-earth gallium garnets dd= \/ZnﬁchSq/ ~0.2ud,/sect, (6)
(RGG) are Langevin paramagnet§&a has no paramagnet-
ism) and follow the Brillouin formula Eq(3) [5]. For the wheret is the integration time. For modern commercially
case of an EDM-induced magnetization, the ferrimagnetisnavailable SQUIDs, typicallyLs,=10"*? s*cm=0.2 nH,
presents some complications, so for the arguments present@dth an input coupler inductance dfi=500 nH, and the
in this section, GdGG will be considered. The formula of thisinput mutual inductance 8 = yL¢L;=10 nH.(For conve-
material is GgGa;0;,, Which represents the general garnetnience, we will use MKSA inductance units for describing
formula where other rare-earth elements, either singly or ifSQUID properties.Thus, the fraction of flux picked up from
mixtures, can be in place of some or all of the Gd; Ga isthe sample that is delivered to the SQUID is
replaced by Fe foRIG. All these materials have volume
resistivities of greater than 0Q cm at temperatures at or
below 77 K. The issues of dielectric strength remain to be
investigated. Also questions of whether spin-glass or ferro-
magnetic transitions occur remain to be investigatedte ~ whereL, is the inductance of the pickup coil around the
that GAGG is used in adiabatic demagnetization refrigerasample. Therefore we see a loss of sensitivity over that in-
tors). trinsic to the SQUID; this is due to the mismatch between the
Gd®* is experimentally attractive because it has total ansample and SQUID areas. We could imagine building a
gular momentumL =0 and total spinS=7/2. The lack of SQUID with a lower input inductance, perhaps achieving
orbital angular momentum makes it easy to magnetize thé;=Lsq=M. In this casel; is much smaller than any imag-
material. Ga has no magnetic moment sc® Gdetermines inableL ,; becausd. , scales as the diameter of the sample,

A. Materials

ddg=dd @)

PL,+L
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C. Systematics
L=6.27x10 3D

D
|n——2},uH, (8

d The usual systematics that one encounters with EDMs

based on magnetometry with atomic vapors will be present

whereD is the diameter of a circular pickup loop in cm, and fo_r the sol_id-state exp_eriment. Th_e Ie_akage curr_ent danger in
d is the diameter in cm of the superconducting wire used ifhiS case is a magnetic field that is picked up directly by the
its constructior{ 7]. BecauseA®,, scales as the sample area SQUID or Faraday magnetometer. As an example, a 10 cm
(proportional toD?2), while the inductance scales as the diameter quarter-tumn leakage current of 10 A, which
sample diameteb, we see the sensitivity scale linearly in might be expected at low temperatures with 10 kV/cm and a
the sample size, or sample volurw&®, in the case that,  large sample, corresponds to a spurious field of 1
<L,, the scaling isv??, X 10 1® G, or 2000 times the expected 10-day sensitivity.
With a 105 SQUID magnetometer, with a 100 nH pickup Even more worrisome is the displacement current magnetic
coil around a 100 cfarea sample, we might expect a sen-field; if the electric field is reversed at 10 Hio avoid the
sitivity of 1/f corner of SQUID magnetometerthe displacement cur-
rent is 10 uA for a 100 pF sample, assuming
-1 =10 kV/cm. The sample magnetization would be measured
after the high voltage has stabilized, but the displacement
current magnetic field is so enormous that we can be con-
) cerned about hysteretic or other nonlinear effects. Another
limitation to the reversal frequency is the spin-lattice relax-
ation time—this can be measured using standard techniques.
which leads to a sensitivity of I6° ecm in 10 days of ~Another concern is energy dissipation in the sample with
averaging. electric field reversal, which, when the experiment is per-
However, it is possible to do much better. Magnetometryformed at 10 mK, must be limited to 1@W as set by the
based on the nonlinear Faraday effect in atomic vap®ls cooling power of a typical dilution refrigerator at low tem-
has produced a sensitivity 05310 > G/\/Hz and might be  perature. The %/ corner of a Faraday magnetometer might
improved by several orders of magnitude by producing andccur at much lower frequency, allowing less frequent field
interrogating atoms contained in a cold dense buffer[§as reversals. The high-voltage properties of materials remain to
The improvement comes from a narrowing of the magneticde studied; the numbers presented here show some limits to
resonance lines to a few millihertz. This system has the adthe technique. Clearly, if one applied 100 V to the sample, an
vantage that the large sample can be conveniently matched EDM sensitivity of 10 3° ecm could be achieved, and the
the magnetometer; if we assume the magnetometer volurmeakage and displacement current problems would be re-
diameter is 1 cm, and the sample diameter is 10 cm a supettuced to a manageable level.
conducting transformer can be used to pick up the sample A separate class of systematics arises from macroscopic
magnetization and then step up the magnetic induction at thgarity and time-reversal odd effects due to the crystalline
magnetometer. From E@8), the ratio of the inductances of structure. Such effects have been predi¢@dand observed
the two coils is roughly 1/10; the magnetic induction at the[10,11] in noncentrosymmetric single crystals. These effects
center of the small coil is 10 times that of the large coil with are absent for symmetric crystals but a realistic system will
a given current in the series-connected coils. The magnet@lways have strains and imperfections. Use of a polycrystal-
meter would have to be operated near a temperature of 2 Kine sintered sample would tend to randomize these effects.
while the sample is at 0.01 K. This would pose no problem
because the superconducting transformer connection can be)y MAGNETIZATION-INDUCED SAMPLE ELECTRIC

Tud, M
10 %ecmlLitL,

de~(0.2u®/s)

=0.7x10 Zecmys,

between two regions that are at different temperatures; the POLARIZATION DUE TO AN EDM
thermal conductivity of superconductors is very small so the _
heat load can be controlled. A. Introduction

With the factor of 10 due to magnetic induction step-up,  As suggested by DeMill12] if the paramagnetic atoms
along with a two-order-of-magnitude increase in sensitivityresponsible for the magnetic properties of a material also
due to the linewidth improvement, we could expect a maghave an EDM, then when the sample is magnetized there will
netic induction sensitivity of %10 '® G/\Hz, or an EDM  pe an induced sample electric polarization. If the sample is
sensitivity of 102° ecm/yHz; in 10 days of averaging, the ferromagnetic, the coercive magnetic figtd that must be
sensitivity is 1032 ecm. applied to attain the remnant saturation magnetization is

As a comparison, a direct measure of the EDM of thefairly small, 20-500 Oe. Materials such as GdIG or GdYIG
magnetometer atoms, by applying 10 kV/cm, would bemight be of considerable interest; more will be said about
around 5<10 3! ecm, a factor of 200 worse than one can their properties later.
obtain by measuring the induced magnetization of the solid Let us estimate the size of the induced electric polariza-
system. tion. Again, take the present electron EDM limit of

By operating the experiment at an even lower temperai0 2’ ecm as the characteristic EDM scale. Also, take the
ture, say 10K, which is not technically impossible, a sen- density of Gd in GdIG ap=10°%cm®. The induced electric
sitivity of 1073 ecm is conceivable. field is calculated as
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E=4mpdP=6Xx10 Ystatvolt/cm=1.8x 10" Vv/cm, mechanism: the generation current from Shockley-Read-Hall
(10) generation-recombinatiory{r) centers in the gatp-n junc-
] ) tion depletion regio13]. The 1f corner is determined by
whereP represents the degree to which the spins are polaihe g-r time constant, which at room temperature for modern

ized in the sample, and it is possible tiat 1 for ferro- and  JEETs is of order 1 ms, and varies with temperature as
ferrimagnetic materials. The voltage across a capacitor is ob-

tained by multiplying€ by the sample length and dividing ;o — o eElkgT
by the dielectric constant. For GdIG, etc.g~15; we might gr— 70 '
also expect thatl~15d, as discussed previously. We can

assume that the atomic enhancement roughly cancels the réhe total noise voltage and bias current noise are determined
duction in voltage due to the dielectric constant. Therefore, iby the square root of the total numbergf centers(impu-

we consider a sample 10 cm thick, the EDM-induced voltagéities) in the depletion region; because the total number de-

for an EDM of 10 2’ ecm will be 0.18 nV, assuming® pends on the depletion region volume and the depletion
=1. depth is constant independent of specific JFET, ttig(drid

some other types of nois@oise voltage scales inversely as
B. Voltage measurement the square root of the depletion region afemughly the gate
) ) _ area, and hence gate capacitanébeg-r center density is a
We are interested in measuring subnanovolt voltages &fnction of preparation technology and therefore also inde-
modulation frequencies in the range 10-100 Hz, a practicglendent of the specific JFET, for modern low-noise devices.
range considering the time to reverse the sample magnetizgys scaling is accurate as can be seen by comparing the
tion in a controlled way, and to allow for spurious electric jninsic 1 noise of various JFETs as a function of gate
fields associated with the time varying magnetic fields tocapacitances.
dissipate. _ _ JFETs can be operated to temperatures down to about
For reasons outlmed_below, a t(_)tal sample capa_cnance o,fmin: 120-140 K:g,,, the transconductance, continues to
about 100 pF would be ideal for this experiment; this samplencrease until that temperature and for lower temperatures,
would be 10 cm thlck'and 30 cm diameter, and.hkely TePre+he carriers freeze out sg,, decreases, and the noise in-
sents a practical maximum for sample preparation. ._creases. There is a modest decrease in device noise with
The parallel input resistance of the sample and ampllﬂerdecreasing temperature due to th& dependence of
tpgether with the summed capacitanges, should give an inp%hnson noise; however, tiger time constant increases ex-
time constant much longer that the inverse modulation frebonentially. For many devices, the noise becomes frequency
quency. independentabove 10 Hgz at temperatures arounid,,;, and
7.=(Ry|Ra)(Cs+Cp) (11 is about a factor of 2 lower than the room temperature high-
frequency noise. The JFET gate capacitances are almost in-
whereR; , andCg , are the sample and amplifier resistancesdependent of temperature.

(14)

and capacitances, respectively. The Johnswoitage noise By operating at 77 K, the input bidgate leakagecurrent
on the amplifier input is, ignoring the total capacitance, i, and its associated noisg=\2ei, can be reduced to ex-

tremely low levels. For frequencids>1/27R;,C;,, where

R;, andC;, are the net input resistance and capacitance, the
input noise voltage due to input current noise \ig(f)
=i,/27fC;,. This is independent ofR;,. Typically, i,
where the possibility for the amplifier and sample temperas<10-15 A\/Hz at room temperature, argl decreases by an
tures to be different has been explicitly included; a practicabrder of magnitude per 25 K reduction in temperature. At 77

limit for the amplifier is 120 K(see below. The net time K if this scaling holds, the device voltage noise will be the
constant at the amplifier input will limit the frequency re- dominant noise source.

AkeT. 4kgT.
R. R,

Vn(o):(Rs”Ra) (12)

sponse: If we choose a sample capacitance, the amplifier capaci-
tance to optimize the signal-to-noise ratiassuming the
_ V(9 ~Vn(0) noise is only due to the JFETan be determined by mini-
Vit (w1)? @7 mizing
where we assumedr.>1. The noise, assuming ) for S (C,+Cy L
net amplifier and sample resistangeith the amplifier and Noca—_sm, (15
sample at the same temperatutis V,(0)=2 mV/\Hz; if (Ca)

the modulation frequency is 10 Hz, with,=10% Q

X100 p=10° s, we have 2 mWHz/(2nfr.)  which has a maximum whe@,=Cs. If C, is fixed, the

=0.3 nV/\Hz. optimum sample capacitance can be determined; the sample
The combined requirements of high amplifier input resis-capacitance i€,= eA/L, whereA is the and area and the

tance, low 1f noise, and low bias current imply the use of alength. Therefore the optimur8/N is (the total charge on

JFET input amplifier. The 1/noise, input resistance, and each end of the polarized sample is proportionattdA,

input bias current are all consequence of the same physicaidependent of.)
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A(C,+eA/L) Gd density is reduced by a factor of 3 to achieVg
(Cy 1t xL\Cyl2 (16 =77 K. Also, the Gd polarization as given by the Boltz-
mann distribution at 77 K is reduced by a factor of 2/3 com-

whenC,=C,, implying thatL andC, should be as large as pared to its value ai <4 K. Thus, the signal is reduced by

possible. The dimensions given above for a 100 pF sampl@, fact.or of nearly 5 compared to an “ideal experlmeptal
represent a practical maximum. After choosing a sanle, S|tuat|on.(N0te_ thgt we must also havier TC so that there is
can be set by choice of JFET, or by placing several JFETs if0Me magnetizationf <T. by a few Kelvin should be suf-
parallel (the capacitance increases linearly with the numbeficient)

in parallel,N;, while the noise decreases as the square root

JN;, which is consistent with the early discussion of JFET D. Systematic effects

noise. The overall sensitivity scales ag/ﬂxvzf3- o In order to reverse the magnetization of a sample, a mag-
A JFET that might be useful in this appllcatlo_n is the petic pulse with amplitude larger thah, must be applied to
Interfet IF3601(or the IF3602 dual JFET modelThis de-  the sample for a time somewhat longer than the switching
vice has a rather high input capacitarCgs=300 pF and e estimated above as 1 ms, after which the field can be
high reverse transfer capacitanCkss=200 pF, but with  o4,ceq to a value just sufficient to “hold” the magnetiza-
noise of 0.3 nVAHz at 100 Hz. In a properly designed cas- i, The switching rate is also determined by the ddrner
cade configuratiori14], the input capacitance will b€, of the amplifier; the transient effects favor a lower rate of

—Cis5=100 pF, with the intrinsic noise unmodifi¢a]. If fmagnetization reversak(1 kHz), while the 1f corner fa-

this device is cooled to 120 K, we might expect a noise o
’ ... vors a faster rate¥100 Hz). Thus, a reversal rate of a few
0.2 nV/yJHz at 10 Hz and above. Thus, the EDM sensitivity hundred hertz saiiésfies bot% constraints.

is (neglecting a possible 0.3 nVHz Johnson noise men-  Thare are induced voltages associated with the reversal
tioned above; this can be reduced by_o[i)eratmg at higher thaf)jse, and the system must be carefully designed to avoid
10 Hz, or if the net input resistance is 2@ or larged de  oyerloading the amplifiers. In addition, slowly decaying eddy
=10"?" ecm/\Hz, or a sensitivity of 10%° ecm in 10  cyrents, etc., could create a time-dependent induced voltage
days of operation. that masks or mimics an EDM. The time variation of the
EDM signal should be an exponential decay with time con-
C. Materials stantr. given above. If the switching spurious signal is rec-
tified by the amplifier input, the effect will look exactly like
an EDM signal.
Another concern is magnetostriction; if there is a perma-

N o

GdIG might be an ideal material for this type of experi-
ment. At 4 K, the Gd ion spin is completely polarized by the

ferrimagnetic sublattices. nent magnetized strain in the material, there could be a

It should be noted that the magnetic susceptibility of ,54netization-dependent distortion of the sample. One fixed
GdIG is very temperature dependent, and is zero at a specifigaciron coupled with a change in sample dimension of
temperature near room temperature. The point where they-4 -1 would give a 103° ecm signal.

magnetic susceptibility is zero is called the compensation
temperaturerl . and results from the polarization of the Gd
ions in the lattice exactly canceling the magnetization of the
Fe&" and Fé* paramagnetic ionésee, e.g.[16] for an ex- We have described a series of solid-state-based EDM ex-
cellent discussion By mixing in ytterbium, which carries no periments that offer more than a factor of 1000 improvement
magnetization, the compensation temperature can be adn the EDM limit, and perhaps up to a factor ofithprove-
justed. With approximately 1:2 Gd:YB[.~77 K. An ad- ment when a different type of magnetometer is employed.
vantage to use of such a material is that the sample magn&hese experiments are intrinsically “easy” compared to the
tization is very small, reducing some possible systematignore traditional atomic cell or beam resonance experiments,
effects[17]. On the other hand, the coercive field is roughly and suffer from many of the same systematics. Given that the
given by H.=250/(T./T—1|+1) Oe for polycrystalline experiments proposed here are not terribly elaborate, they
GdYIG and the increase nedr, is due to the lowB for a  would be worth doing simply to see what happens. There are
givenH when the magnetization of the material is small; thisa number of issues to be studied; these include the following:
describes the primary dependenceHyfon T and the com-  atomic (ionic) enhancement ofl, in Gd and other rare
position[18]. Another interesting point is that the hysteresisearths; screening of the applied electric field at the ion loca-
loop becomes very square néeBy; this is attributed to the tions; screening of the induced dipole in the voltage mea-
domains being very large when the magnetization of thesurement experiment; properties of materials, in particular
sample is smal[19,20. The switching speed is determined dielectric strength and leakage currents as a function of ap-
by the domain wall velocity, which is typically #0cm/s.  plied voltage; and resistivity as a function of temperature.
Thus, a sample of 10 cm length could be switched in 1 msThe various garnet materials might not be the best choice

The Yb concentration is determined by the operating temdue to the relatively low rare-earth density. Perhaps some
perature, which is chosen so that the sample resistivity isther materials would be a better choice. The garnets were
high. A convenient temperature 1&=77 K, corresponding chosen here for discussion because it is well known that they
to liquid nitrogen at 1 bar pressure; as discussed before, theave excellent insulating properties.

V. CONCLUSIONS
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As an interesting aside, an experiment using a rotatingoltage across the sample, as measured along the magnetic
YIG rod to test special relativity was performed by field. In this case, the parity-odd time-reversal-even operator
Hertzberget al. [21]; in this experiment, a voltage was in- the describes the displacement of charge along a specified
duced between the ends of the rod due to the rotation. Agreelirection resulting in a voltage or electric fiell across the
ment with special relativity was obtained, and required measample i 9]
surement of voltages at the millivolt level with microvolt
accuracy. Given the success of this experiment, the work (B-1)(Ji—J¢)-E
proposed here does not seem unreasonable.

The proposed techniques can also be applied to other fund the voltage would persist for a time of order of the in-
damental studies. For example, if the nucleus has an anapol@rse hyperfine frequency. The magnitude of this voltage can
moment, the electron cloud around the nucleus will be diS‘be estimated as a few microvolts using expected values of
placed. This is because the low-energy parity violating wealqyclear anapole moments.
interaction, being proportional to the momentymcan be In conclusion, there is hope of improving the EDM ex-
written as the operator of parallel displacemésftthe elec- perimental limit by at least three orders of magnitude by use
tron cloud relative to the nuclepsvith an imaginary ampli- of the experimental techniques proposed here. By operating
tude[22]. If the electron sping; and the nuclear spifsof a  the system proposed in Sec. lll at a temperature ofulQ, a
material are polarized in a strong magnetic fi@dat low  sensitivity of 10%° ecm is not beyond conception. Such a
temperature, and if the direction of the electron spins is resensitivity is several orders of magnitude better than any cur-
versed toJ; with an NMR pulse, there will be a change in rently proposed experiment.
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