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Abstract

In semiconductors with magnetic structure the exchange
interaction between ions and collective electrons when parity
nonconservation is taken into account, gives rise to rarity-
violating long-range forces between ions, This spin-dependent
interaction aplits the energies of right and left helical spin
structures. The magnitude of Splitting is estimated,



1, The parity violation effects in magneto-ordered crys-

~ tals mentioned for the first time in Ref.L') have beem
discussed in detail in Ref.[?J, It was shown that the exchange
interaction between conduction-electrons and ions with allowan-
ce for the parity violation leads to P-0dd long~range forces
between ions in magnetic metala, Due to interaction energies of
right end left helical spin gtructures split and the splittimg
amounts approximetly t0~100 Hz per one ion in rare-earth metal,

In this paper P-odd long-range interaction between mag-
netic ions in nonmetal crystals and its dependence on electron
gtructure and temperature are comsidered, A possibility of ex-
perimental observation of the parity violation effects in semi-
conductora is discussed. '

In the paper the exchange mechanism of the origin of P-
odd long-range forces is studied mainly. In semiconductors in
distinction from metals there are some mechanisms of exchange
interactions (see.Rer.°~%]), but we comsider omly the imdirect
exchenge,which fits well into the frame of simple two-bands mo-
del of semiconductor. It camnot be excluded, however that other

mechanisms of the exchange interaction in some ceses will give

& larger contribution to the P-odd interaction between ions,
But then teking into account only the indirect exchange will
serve as relatively reliable lower estimate for discussed ef-
fects, since complete cancelation of the contributions of dif-
ferent origin is unlikely,

2, Let us consider the model of semiconductor with inte
rinsic conduction, At zero temperature occupied elec=

tronic states form the valence band, separated from the wide
conduction band by & narrow gap é%; . For the case of the di-
rect gap in the centre of the Brillouin zome, for the nondege=
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Pind now the effective interaction between ions, due

he Interaciion (2) and %o the weak P-odd inte - o
nerate semiconductors the dispersion law can be represented for racvion ic) and %o the weak P-odd interaction bet

- 7een the collective electroms and the muclei of ions (& r_j‘?
small k as follows : - 2l ano vae nuclel of ldons (see. i
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Here ™M, and N, are positive effective memsases of electron b s >
and hole, respectively; we take B=c=1, The exchange intersac- TR T b T e o e e .
fion of the collective electrons with the electrons of incom- e iﬂqgf, \ iy, e lle P Al 'th.}
plete d- or f-shells we shall describe by operator

A : ere [ jo&na [, denote & commutater and anticommutator,
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where 8 1is the spin of the electron; S5; is the spin of ion 9 The operaior of the @lectron momentum: 7. 18 the spin

located at the point _EL; Vo is the volume per ome iom in the e fonm mucleus locsted at the point #. n the dimensionless
crystal; J is the exchange integral. To the second order of stant & [ 2 the nuclear charge) of the first atruc
perturbation theory the operator (2) results in the following e Tha large factor Z has been made explicit to emphasize
interaction between two ions in semdiconductor ( T=0 ) (see,e. hat increases with the number of nucleons in the nuele
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In ccontrast (5; the function (3) has a conatant sign. In . A

the region Jﬂ;g i " the function (3) decreases exponentially, g here ﬁi.:éﬁfﬂa; ., The factor Z°R is introduced here. which
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however, in the case &, <4 ' the magnitude (3) can be quite |

cemparable to that of (5).
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takes into accout the difference of the density of electrons on
the nucleus from the average density over the crystal. The ana-
logous expression for the interaction between ions of metal is
(see. Ref. 2] )
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Note that for the nearest ions of metal %, »{ , and for

narrow=-gap semiconductors 09?5{'.2’ y 80 (see, (3),(5),(8) and
(9) )
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i.a. in contrast to metal the P-odd interaction in semiconduc~
tors decreases faster that the ususl one even for nearest ions,
The point is that in the region é{?-ﬁj Bince k. <k , in
expression (8) it is necessary to differentiste the denominator
(in expression (9) it is necessary to defferentiate the numera-
tor). This leads to the faster decrease of the P-odd interaction
between ions in semiconductors and therefore to the additional
smellness of the effects due to this interaction, If one resol-
lects also that the constant J¢' is numerically small, the
contribution (8) to the P-odd interaction becomes negligibly
small in comparison with the contributions of the next order in
the interaction (2).

3« To the second order of perturbation theory in ope-
rator 1/ the effective P-odd interaction bet-
ween ions can be represented as follows {sae.Ref.[ 3)
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When summing ever & there are the terms with s=.1i and a=j.
For these terms the replacement of the summation over k. by the
integration at zero temperature reduces to the linearly diver-
gent integrals. This divergence is matural for the higher or-
ders of perturbation theory in a contact interaction., For regu-
larization ome can introduce a cut-off integration momentum Q
which is naturally identified with the inverse radius of the
ion f- or d-shell, At k,-» O the dimensional egtimate gives

tff'

(s—f/} ~ Q/F? (11)

The fast decrease of the term (11) with the interspin distance
mekes it negligible in comparison with others terms in (10).

To estimate the contribution to (10) from the terms wiih
81,j, it is convenient to smear the weak interaction (6) over
the whole crystal .
W e 1Zul, (5/0 )
The eigenfunction of the obtained Hamiltonian
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where (£6) 15 the nonperturbed wave Punction of the electron.
The dispersion law (3) is still valid, Stricly spealdng, it is
hecesseary %o add to (13) the correction , due %o the influence
cf the other bend.Evidently, this correctiocn decrsases with the
inerease of the gap, but even at ci?=£3 the contribution of it
te the discussed effects ig ~ 509/, » Therefore for a rough eg=
timate one can neglect the influence of the other band. 4t cal-

culation of the correction 4o the enexrzy of the second order
(
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Jel-0ne l1on. dowever. in gcontrast to \io) the range of the in-
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eraction (15) is limited
ne can estimate the P-odd energy of the magnetic ion

in the erystal with helical spin structure ("simple gpiralh),
Directing the z-axis along the wave vector ¢ of the helix
and going from summation over j to integration, for the right
helix one obtains :
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where S 18 the relative concentration of the magnetic ions,
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where fﬁ is the minimum distance between magnetic ions. Por
Qy}xb ’ fﬂ 7< { the P-odd energy of ion does not depend on ‘;2
In the metal there is slso an independ on ;2 contribution to
the energy of ion. This contribution due to the intersction
(16) dominates. The ratio of the independent on £ contribu~

tions in the metal and in the semiconductor, other things being
equal, is
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As a rule this ratioc exceeds apprecially unity. Even in the
narrow-gep semiconducicrs with the heavy ions the value of the
splilting of lhe enewgies of right and left helical spin atruc~
tures hardly exceeds 0,1Hz per one ion TJ. Since in the stan-
dard model of weak interactions the sign of dq is negative, in
the gemicondiciors,se well as in the metals, the left spin

structures are preferseble than the right ones, their energy
being lower,

4, If the Gemperature T exceeds she widih cf the
the forbidden band for intrinsic semiconductors
or the corresponding energy of activation for impurity semicon-
ductors, the electrona in conduction band and holes in valence
band exist. As a result to the mechenism of the interband exc-
hange considered before it is nescessary to add the mechanism

1) In the semiconductors the typicel values of the effecbive

mases are My ~ Wi, ~0, £ , while, for example, in the
rare~earih metale ™ 2,




of the intraband exchange., The influence of the intraband ex=
change %n the interaction between magnetic ions is considered
12

in Ref. » The appropriate expression for the interaction
energy is
2
ot "'(Aﬁﬂ')
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where fcza"'?'. M=M,: #; : n 1is the nmumber of the conduc~
tion electrons per one ion, For the intrinsic semiconductors

the value n 1s €
3;4 J’
% (e “"*/ (21)
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We assume here that the exchange integrals are equal for all
banda.

N=ny=u, = UT

Let us estimate the P=-odd interaction between ions,due
to the intraband exchange, For that one can apply (14) with
=o' and af, = sy,
@ 62 :r":'zm 3 foli-f3) 2R,
7 sl Z ¢ (22)
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¢ 72 §g s the conduction electrﬂnﬂ can be described by the

" Bolzman distribution function and the elementary calculation
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where the numﬂan over ? and Jk',’is extended to the all spa~-

ce, Introducimg agein the discussed above factor ZER s One Qb=
tains
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It is interesting that in the region 4. < A~ the inmteraction
between ions does not depend on the intgrion distence. Since
(24) is valid for 7 2 % » the order of magnitude A is A 2K, .
Comparing (24) with (15) in the region E}A{f, ’7"7"'{? when
(21) is taken into account, one obtains

(z*r; 3

I.e. in spite of the weak dependence onm the distance, the in-
teraction (24) for intrinsic semicomductors is leas effective,
then interaction (15)., For impurity semiconducters the interac-—
tion (24) is also suppressed, because even at the room tempera~
ture the electron concentration in conduction band (or that

of holes in valence band) is small

-3 -4
B 0wk 10

5» Thus, within the used model the interbend interac—
tion is most effective, It is proportional to
Yhe square of exchange integral end decreases with the distan-
ce between ions as £°° when k. R:: ¢({. However, other things
being equal, this intbraction in heliecal apin structures le~
ade to P-odd energy smaller than in metal, This is conmected
¢f the P-odd forces range in semiconductor

“ P £ )

but with the amall values of effective masses ™M ~0,4{ w1 , The

conclusion of the suppression of P=odd interaction between ions
in semiconducfors is made for the model with wide bands, Howe-
ver, when, for example, the valence band decreases the increa-
se of the effective mass WM, is accompanied by the exponen-

tial decrease of the interaction range. Therefore the transiti-
on to model with narrow bands probably doea not change radice-~

1ly anything.
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However, one cannot exclude, that the individual pe-
culiarities of magnetic and electromic structure of semiconduc=
tors can enhance the P-odd interaction between nearest ions. We
mean not only the direct exchange interaction, but alsc the
enisotropic superexchaenge (see, Ref.[3’4]J with weak interacti=-
on between electrons and the nuclei of ions teken into account.,
The numerical predictions evidently depend here strongly on the
details of the structure and cannot be made within some general
model, At last one can note that in semiconductors the P-o0dd
van der Waals interaction between magnetic iona [1’21 is quite
comparable with the P-odd exchange interaction. Indeed, in spi-
te of the faster decrease with the interion distance ~ £°', the
van der Waals contribution to the magnitude of the P-odd ener-
gy of ion 18 ~ 0.1 Hz for crystal of rare-earth metal with
helical spin structure. When passing from metal to semiconduc-
tor this estimate should not change essentially,

6. The effects of parity violation in semiconductors

can by observed in crystals with helical spin struc=-
ture: Hgﬂr234 ’ znﬂr23e4 etc, The striking demonstration of
an effect would be the observation of preferential formation of
structures with left spin helix which have lower energy (see,
(18) ). Effective control by the sign of 8pin helix in ZnCr,Se,
by means of crossed electric and magnetic fields reached in
Raf.taj] is the argument in favour of this experiment (see,also
[2]). Here it should be noted that the applie in Rarf..[”’-:|I fields
are small in the atomic scale and the interaction between elec=
tric field and magnetic structure is suppressed,

The analogous effect would be alsc the preferential
formation of the left helix Bloch domain walls between two fer-
romagnetic domains that are formed when remagnetlzing the single
crystalline f£1ilm, Obviously, in view of a prevalence of ferro-
magnetic compounds the choice of working substance here iz much
more rich than in case of a helical antiferromagnetic,

In conclusion the author is grateful to I.B.Khrip-
lovich for constant interest to this work and for numerous
helpful dicussions.
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