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Spin polaron and bistability in ferromagnetic semiconductor quantum structures
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This work shows that the in-plane localization of a hole confined in a ferromagnetic semiconductor quantum
well (QW) can lead to significant energy gain if spontaneous easy-plane magnetization is mediated by the
mechanisms other than itinerant carriers. The hole spin normal to the QW plane reorients the in-plane mag-
netization of the ferromagnetic layer at the location of polaron formation, resulting in an exchange potential
with a discrete level of localization. A flexible model that incorporates the magnetization gradient term, as well
as magnetic anisotropy, is proposed. In contrast to the calculations of magnetic polaron in the paramagnetic
semiconductors, the energy of spin polaron in a ferromagnetic semiconductor is almost independent of the
temperature in a wide range below the critical temperature of phase transition. Our calculation also demon-
strates the existence of bistability in the hole state when the structure consists of appropriate ferromagnetic and
nonmagnetic QWSs separated by a finite barrier. Hence, a memory element that can be scaled down to a single
hole may be achieved through polaron formation.
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[. INTRODUCTION mediated by the mechanisms independent of the presence of
itinerant carriergsee the discussion abgvé&pecifically, we
Recently, much attention has been directed to achieve dronsider the case of a heavy hgléH) confined in a QW
luted magnetic semiconductot®MSs) with a high Curie (Ref. 5 with the hole effective field normal to the QW
temperature. In the most extensively studied case oplane® while the vector of spontaneous magnetization lies in
A3_Mn,B® compounds, the Mn doping leads to mutual the plane of the QW perpendiculanstead of parallglto the
ordering of hole and magnetic ion spins, which is theho[e spin. The correspondmg_m-plane effective field does not
most probable mechanism for ferromagnetism in sucl$Plit the hole state substantially due to a large heavy hole
semiconductors. However, the carrier-mediated g-factor aniSOtrOpy/. Meanwhile, if lateral HH localization
ferromagnetisrhis not the only mechanism available in the ¢an be introduced, the finite hole effective field that is nor-
DMSs. The sign of interion exchange interaction can take 4nal to the QW plane shifts the magnetization vector away
positive value(depending on the electronic structure of the from the QW plane as shown schematically in Fig. 1. The
magnetic ion that results in ferromagnetism without itiner- @mount of deviation is proportional to the transversal FM
ant carriers. An example of this type can be found in Cr-Susceptibilityy, which, in general, exceedg significantly.
based DMSs with a ferromagnetic superexchange intera¢A Similar modification in Mn in-plane magnetization was
tion. Besides, the indirect spin-spin interaction via virtual0bserved when spin-polarized HHs were injected optically in
carriers(the Blombergen-Rouland mechaniscould also be  GaMnAs?) The normal component of the FM layer magne-
responsible for ferromagnetitM) semiconductor forma- tization that arises in t.he vicinity of the localized hole plays
tion. Note that laser excitation with the sub-bandgap energihe role of a self-consistent potential and subsequently traps
further enhances this effetf. the hole with discrete energy levels; in other words, it forms
When in the FM state with spontaneous magnetization@ (localized polaron state. Clearly, there are other phenom-
the electronic state of a DMS is affected by strong exchang€na, such as interion exchange interaction and magnetic an-
interaction with the spin-polarized magnetic ions resulting in Sy /

a giant spin splitting in the energy bands; on the other hand, \90

no such splitting is expected in the paramagnetic phase. :‘}}:‘:’}}: TR
Moreover, spontaneous magnetization in the FM DMS leads 2

to suppression of the longitudinal magnetic susceptibjity 1 P34

at low-enough temperatures. Hence, any effects relying on z W
some additional magnetization in the longitudinal direction L "

become very difficult to realize in the FM semiconductors.

This is the reason why the spin polaron, which is a self- F|G. 1. Schematic diagram of polaron formation in a FM GW;
consistent trapping of an electrgor a holg by the effective  and 2 are the directions of easy magnetization and normal to the
exchange potential of magnetic ions, has been explored onlgw plane. Small arrows show the local magnetization direction of
in paramagnetic semiconductors. With their spin directedhe FM layer andg, the maximal angle of its deviation. Curves 1
along that of magnetic ions, the electrons cannot sufficientlyand 2 depict the in-plane effective magnetic potential well and the
alter the local polarization in a FM DMS. hole wave function after polaron formation. The hole sfircan be

This work draws attention to a different type of polaron either parallel or antiparallel to theaxis. Only one case is consid-
formation in a DMS quantum we{lQW) whose FM phase is ered as they are equivalent.
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isotropy, that hamper this effect. Hence, a quantitative analytion of spin% or —%_ Thermal fluctuations between these
sis of the conditions for hole-polaron formation in a FM QW giaies can reduce théh strength by a factorry

is the primary aim of our investigation. Note thaitype =exp(-Epo/T), Where E, is the polaron energyt. Hence,
DMSs can revgal FM prqperﬂé&however, electrons cannot rr<1 is considered hereinafter.

form a noncollinear configuration with the vector of sponta- |, ihe one-band model. the hole wave functigff) is a

net?.ﬁ _rntagnetpzatlon due to the very small electron SPINYH state with the effective spin directed along thexis.
orbrtal interaction. This approximation is adequate for the polaron wave func-
tion in zinc-blend semiconductorg.g., see Ref. D5f T,,
Il. THEORETICAL MODEL Ty<AEy (AEy is the HH-light hole splitting® For a
i i i H iah/,18
To be specific, let us consider a thin FM QW with the more precise analysis, 244 Luttmger Hgmlltonlaﬁ can.
T S o be used. When the exchange interaction of magnetic ions
x-y plane of easy magnetization. For simplicity, thaxis is ; L :
S . ... with the x andy components of hole spin is taken into ac-
chosen as the QW growth direction while the magnetization ; ; X S
T . S ) count, the resulting hole spin deviates from thdirection.
vector My is along thex axis. Localization of a hole in the  The contribution of this effect to the total energy was esti-
QW with the wave function/i(F) leads to a change in the mated a¥ G2, /AEZ, (G, is the in-plane component of the
magnetization vectoM=My+AM from the QW plane due magnetic ion effective magnetic field in units of energit
to the effective exchange field as mentioned above. The totdhe same time, lateral hole localization can induce the in-
free energyF of a localized hole and the magnetic energyplane spin component. For simplicity of the analysis, we
modified by this localization may be described under a conassume that the present case satisfies the conditions for the
tinuum approximation of the magnetic medium. This treat-one-band treatment as discussed ab@ee example, weak
ment neglects the compositional fluctuations and considers-plane hole confinement, efc.
the magnetic properties as a function of local magnetization The first three terms of Eql) coincide with those for the

|\7|=|\7|(F), Then, the free-energy contributickF associated Magnetic polaron in paramagnetic semiconductors. In the lat-
with the hole localization in the FM semiconductor can beter case, the actual dependenceMfon the hole effective

expressed as field h(r) (i.e.,|M|— Mgy ash— o) allows one to reduce the
- - - - problem to minimization of a nonlinear Hamiltonian by us-
AF =T+ Uqu+ Vin(AM) + A(VM) + K(AM) + D(AM). ing a trial functiony.1213However, the case under consider-
(1) ation is more complicated due to the additional contribution
f specific FM terms to the\F that results in a nonlocal
ffective hole potential. For simplicity, our model takes into

account only the rotation o1=mM, (My=|M|) that does
R 9 not change the quantity of microscopic states of the system.
Ti= _RWM |4, @ It means that the entropy part of the free energy does not
) ) change when polaron formation occur in the FM layer. As a
where i=x,y,z, m, and m=m, are the effective masses resylt, the temperature dependence of this process will be
along the QW growth and in-plane directions. An earliergefined via the temperature dependence of the parameters
analysis of magnetic polarons in DMS QWs illustrated thejnyolved in the model and not via the entropy part.
crucial influence of slight in-plane hole localization caused The remaining three terms in E€L) are the most impor-
by the interfaces roughness on polaron formatbin a  tant energy terms of a ferromagnet, which describe such phe-
gated structure, similar localization can be realized by athomena as FM resonarféeor magnetic domain wall
electrical bias. Therefore, we take the corresponding laterajtrycture? The first two termgof the last threpdescribe the
potentialu(x,y) into consideration of the confinement energy contribution of inhomogeneous magnetization to the ex-

Here, the kinetic energy of the localized hole in the one—banti
approximation assumes the foffiT,+T,+T, with

Uqw along with the QW potential, change energyA) and to the energy of in-plane anisotropy
Uow= (WUo(2) + U, y)| ). 3) (K) with respect to the directiogr=X
2
The third term in Eq(1) represents the energy of the local- A= @ > (@1) o (5)
ized hole-exchange interaction with magnetic ions of the FM 2) 57\ ax

layer. It can be written in terms of local magnetizatioh'al$
SAM(r)z K=x f [1 - (ma)?]d%F. (6)
Msat

1
Vint = <¢|Eﬂnm |¢>1 (4

Equation(5) tends to widen the polaron area, while the an-

where g is an integral of hole-ion exchange interaction,  jsotropy [Eq. (6)] works for squeezing the polaron size. An
the concentration of magnetic ionS,the spin of the mag- order-of-magnitude estimate shows- ksT.n3, while x is
netic ion, andMs the saturation value of the FM magneti- getermined by the spin-orbital interaction and the low-
zation. This equation accounts for the magnetic energy of theymmetry potentialor crystal structurg which constitute
FM QW in the effective fieldin units of energyof a local-  he easy-plane magnetization. Practically, batand » can

ized holeh= i%iﬁl y|? located in the state with theprojec-  be deduced from appropriate experiments. The last Eiim
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e
3

the magnetic energy in a demagnetization field that depends
on the size and shape of a magnet. However, this field is
negligible in the limit of thin but wide magnetic film. Thus, it

is neglected from further consideration.

As mentioned above, the desired solution can be obtained
by finding the hole wave functiogi() that minimizes the
free energy given in Eg1). As a trial wave function, we
adopt

o
o
1

Polaron energy (U,)
o
o

I
»
1

2
9(r) = (2) QE"JZ’ « (7 QW width (d,)

where i4(z) corresponds to hole confinement in the Qw, FIG. 2. Polaron energf, as a function of QW widtt.,, for
=+ anda is the radius o polaron localization n he 13 peenia) parameteee (0013, 01, 10, (1 20
QW plane that is used as an optimization parameter in thg‘_ di Sth ¢ Slt P
variational procedure. Oncg(r) is calculated, the magneti- IScussed in the text.
zation M can be found as the solution of a magnetOStatinree-electron mags and assumeS =0.85, S=5/2 that de-
problem with an effective fielch that constitutes the self- a5 the energy and length unltg= kB.X 1400 K (kg is the
consistent potential for in-plane hole localization. This prob-ggjizmann constaitand d.=10 A. Parameters: and x in
lem can also be considered in terms of a variational Proceggs. (5) and(6) are taken from the experimerfsBy using
dure with the approximation a notationL,,=\ X 100 A, one can findag=0.52 and x

- . _ 242 =7X107°\.

- . - pelb

M={cos6,0,sin6}; 6= foe ' (8) Figure 2 illustrates the polaron energy as a function of
According to the definition,#=6(p) is the angle of local QW widthL,,. The polaron energy is calculated as
magnetization deviation from the directiai=(1,0,0; the B
variational parameter&, andb represent the maximal angle Epoi = AF = Exw, (10
0 and the radius of magnetic potential well when the spi
polaron is formedsee Fig. 1

Now we can calculate all components of the free energ

[Eqg. (1)] in terms of parameters, b, andé,. In doing so, we

rewrite Eq.(1) in terms (_)f e”efMiUf%IBInmS’ S ={0.01,2,{0.1,1G,{1,20 (in units of Ug andd,). The po-
=SMy/Msz) and length units=fi/ v2mUs (see Refs. 11-33  tantiaiy(x, y) with {U, ro}={0.01,3 corresponds to that es-
After some algebra, we come to the trial functional in thetimated in the 11-VI compounds for roughness induced

form localization?2 while the others are the conditions one can
1 o expect in a gated structure with appropriate biases. As can be
AF=— —u|oc(1—e‘r0’a)—J e sin( e ) dx+ st seen from the figure, the results for these three cases are
a 0 nearly identical; accordingly, the polaron energy seems to be
% rather insensitive to the nature of in-plane localization prior
+ xsbzf [1 - coZ(fe™)]dx. (9) to polaron formation. A similar finding was made in the 1I-VI
0 paramagnetic QWs earlier, where the so-called selective ex-

To obtain the second term, we use a simple approxim&&ion citation method is just based on the polaron energy indepen-
U(X,Y) =U(p) = —Uyee i p<To, andu(p)=0 if p>ro, wherey, dence of the “prelocalization” potenti¥l Figure 2 also illus-

Ll ocC ’ 1 ocC
is the depth of the laterghonmagnetig potential well with trates that nalrrow Ff'\f/l Qth are more favorable to reach the
the radiusr,. Other notifications in Eq(9) are y=a2/2p?, ~ Maximum polaron eflect. .
ac=mal,/|BIn,S, and x=2mxL,d2/|Bn,S with the FM A. posglible_ application of polaron state might stem from
QSW widtmllw L 'IrPhe,minimilm ofAFWV\fith regpect tc@, f, and its bistability in a quantum structure with both magnetic and

w- ’ ’

: : nonmagnetic(NM) layers. Note that the most extensively
Zglgﬁg ;he polaron state as a function of parameiggsro, studied structure for polaron bistability is a NM QW embed-
S St

ded in the DMS barriers. In this case, hole localization near
any one interface can be more favorable than that in the QW
Il RESULTS AND DISCUSSION centrum due to the nonlinear nature of the hole exchange
interaction with the DMS barrier$:?* In the present study,
Apparently, the minimization procedure of the trial func- we envision a structure that consists of a FM QW and a NM
tion [EqQ. (9)] can be fulfilled only numerically. Doing this QW separated by a NM barrier of finite heiglsee Fig. 3. It
requires an estimation dfg, dg, Ui, fo, @, andxg in terms  is also assumed that the potential profile of the structure can
of typical values of DMS band parameters. We choosébe engineered so that the bottom of the FM @Without the
,8951:—1.2 eV, the primitive unit cell volumé),=55 A3, exchange interactigris somewhat highetby AU) than the
the magnetic ion content=0.1, andm=0.3m; (M, is the  bottom of the NM QW as in Fig.(@&). Subsequently, the hole

"Wwhere the nonmagnetic energy, associated with in-plane
hole localization[i.e., the first two terms of Eq2)] is sub-
¥racted fromAF. The numerical calculations are carried out
with three sets of lateral potential parametdis,,ro}
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FIG. 3. Bistability with respect to hole localizatigia) in the -1.0 | 1.0
NM QW (N) or (b) in the FM QW (M) with polaron formation. A 05 00 05 10 15 20
nonmagnetic barrie(B) separates the NM and FM QWE} and ®

Eu(Ep) are the eigenenergies of hole localization in the NM QW .

and the FM QW withoutwith) polaron formation, respectively; and _ FIG: 4. Dependence of hole enerdf as a function ofp and

AE, is the energy of polaron formation. Curves depict the hple En- COS @(Sir? ) is a probability of hole localization in the FM

function in the NM and FM QWs. Small arrows indicate the local QW (NM QW). The energy scale is in units &fs assumingEy,

magnetization directions; the large arrow is the hole spin directed 0+ AU is as defined in Fig. 3. The calculation is conducted for

normal to the QW plane. It is important to note that the device doeérW?so_A and{uiec, fo}={0.1,10; the other parameters are the same

not require a polarized hole gas in the NM QW. Once a hole is®S I Fig. 2. The bistability is observed fatJ in the range 0.2-0.8.

injected into the FM QW with the spin directed either parallel or

antiparallel to the growth directiofa 50-50 split in the unpolarized while localization in the NM QW corresponds to the ground

ga9, it provides an effective field normal to the QW plane. Only state. The calculation in Fig. 4 shows that the desired bistable

one case is shown schematically for simplicity as in Fig. 1. stategwith two local minima nearp=0 ande=1/2) can be
achieved, ifAU is in the range between 0.2 and Qi units

ground state is almost wholly localized in the NM QW with of Ug) with a proper choice of NM and FM band parameters.

an energyEy, while a small penetration into the FM QW In such a case, a small deviation from the local minima will

(due to the tail of the wave functigiis not enough to form a  not disturb the systen.e., stablg. Moreover, the relative

polaron. However, the polaron stefg of the hole localized —Values ofEy can be controlled externalle.g., by a gate bias

in the FM QW can be deeper thdy, if the effective hole  pulse enabling hole transfer between the two stable states,

exchange potential stemmed from,t(Al\ﬁ) exceeds the sum eac_h localized in the NM QW or the FM QW. This is a
of AU and other energy losses associated with hole Iocaliza(—jeSIr6d feature of a memory device.
tion. This case corresponds to the polaron ground $Eite
3(b)]. Thus, the structure described above can realize two
stable hole states under the same external conditions. Note
that multistability can be reached due to separation of the |n this paper, we demonstrated the possibility of polaron
carrier spins in a digital FM heterostructiffeHowever, two  formation in the FM QWs provided in-plane spontaneous
coupled QWs, FM and NM, give more possibilities to detectmagnetization arises due to direeather than indirect via
the system in any one of the stable states. itinerant carriers magnetic ion spin-spin interaction. Hole
To quantitatively describe the hole bistability, let us as-localization results in an appearance of an effective magnetic
sume that the component of the hole wave function can be field directed along the QW growth direction that, in turn,
expressed as a combination of the individual statféz)  modifies locally the magnetization vector. The exchange in-

IV. SUMMARY

and i (z) obtained in eacliFM or NM) QW teraction with the reoriented magnetization provides a stable
B hole spin-polaron state. We proposed a model that describes
¥1(2) = Cuhu (@) + Cnyn(2), (1) this phenomenon based on an assumptioignetrly) satu-

where|cy|? (|cy|?) is the hole-localization probability in the rated magnetization in the FM QW. Moreover, our results
FM (NM) QW, respectively. If the overlap betweef,(z)  Show that a hole can exhibit stable localization in the FM
and ¢n(2) is not significant, then the total free energy of the QW or the NM QW under the same external conditions, if

structure can be written as a sum polaron formation is taken into account. The transition from
one of the bistable states to the other through the mono-
AF,y=cos ¢[T+ Uow+ Vim(A|\7|)] stable stategin the FM or NM QW3 can be achieved by
.. . controlling the interwell energy separation through a gate
+A(VM) + K(AM) + sir? ¢Ey, (12 bias pulse. This opens an opportunity for realizing a memory

. , . . cell device that can be scaled down to a single hole.
where the parametes is defined according to the equations g

coge=|cyl% sirfe=|cN|?. The case with a small or negative
AU suits a single minimum oAAF,,, at ¢=0 (i.e., the FM
QW), while ¢=7/2 provides the maximum. Any deviation
of ¢ from /2 tends the hole to the polaron ground state in  This work was supported in part by the Defense Ad-
the FM QW. A similar situation is expected for a large posi-vanced Research Projects Agency and the SRC/MARCO
tive AU when the polaron state with=0 becomes unstable Center on FENA.
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