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Spin-polarized scanning tunneling microscopy of half-metallic ferromagnets:
Nonquasiparticle contributions

V. Yu. Irkhin"* and M. I. Katsnelson?
Unstitute of Metal Physics, 620219 Ekaterinburg, Russia
2Institute of Molecules and Materials, University of Nijmegen, 6525 ED Nijmegen, The Netherlands
(Received 12 December 2005; revised manuscript received 6 February 2006; published 21 March 2006)

The role of the many-body (spin-polaronic) effects in the scanning tunneling spectroscopy of half-metallic
ferromagnets (HMF) is considered. It is shown that the nonquasiparticle (NQP) states exist in the majority or
minority spin gap in the presence of arbitrary external potential and, in particular, at the surfaces and interfaces.
Energy dependence of the NQP density of states is obtained in various models of HMF, an important role of the
hybridization nature of the energy gap being demonstrated. The corresponding temperature dependence of spin
polarization is calculated. It is shown that the NQP states result in a sharp bias dependence of the tunneling
conductance near zero bias. Asymmetry of the NQP states with respect to the Fermi energy provides an
opportunity to separate phonon and magnon peaks in the inelastic spectroscopy by STM.
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I. INTRODUCTION

The history of the investigations of half-metallic ferro-
magnets (HMF) starts from the electronic structure calcula-
tion for NiMnSb:! later a number of other examples were
discovered, e.g., CrO,, Fe;0,, a number of the Heusler al-
loys Co,MnZ and RMnSb (for a review, see Refs. 2 and 3).
These substances have metallic electronic structure for one
spin projection (majority-or minority-spin states), but for the
opposite spin direction the Fermi level lies in the energy gap.
Owing to this fact HMF attract now a growing attention of
researchers in connection with “spintronics,” or spin-
dependent electronics.* The spin-up and spin-down contribu-
tions to electronic transport properties have different orders
of magnitude, which can result in a huge magnetoresistance
for heterostructures containing HMF.> Some evidences of the
HMF behavior in colossal magnetoresistance (CMR) materi-
als like La;_,Sr,MnO; found by using tunneling
spectroscopy>® and photoemission technique’ have increased
considerably the interest in the half-metallic ferromagnetism;
however, the situation in the CMR systems is controversial,
as demonstrated by the Andreev reflection experiments.®

Peculiar band structure of HMF results in an important
role of incoherent (nonquasiparticle, NQP) states which oc-
cur because of correlation effects.” The appearance of NQP
states in the energy gap near the Fermi level®~'? is one of the
most interesting correlation effects typical for HMF. The ori-
gin of these states is connected with “spin-polaron” pro-
cesses: the spin-down low-energy electron excitations, which
are forbidden for HMF in the one-particle picture, turn out to
be possible as superpositions of spin-up electron excitations
and virtual magnons. The density of these states vanishes at
the Fermi level E for temperature 7=0, but increases dras-
tically at the energy scale of the order of a characteristic
magnon frequency @. Recently the density of NQP states has
been calculated from first principles for a prototype HMF,
NiMnSb,!? and for CrAs.?°

The existence of NQP states is relevant for spin-polarized
electron spectroscopy,'>!*> NMR,'* core-level spectra of the

1098-0121/2006/73(10)/104429(10)/$23.00

104429-1

PACS number(s): 75.30.Ds, 75.30.Et, 68.37.Ef, 71.28.+d

HMF," and subgap transport in ferromagnetsuperconductor
junctions (Andreev reflection).!® Several experiments could
be performed in order to clarify the impact of the NQP states
on spintronics.!”!¥ In particular, I-V characteristics of half-
metallic tunnel junctions for the case of antiparallel spins are
essentially nonlinear due to magnon-assistant
processes'®21-23 which is just another language for the con-
tribution of the nonquasiparticle states.

On the other hand, HMF are very interesting conceptually
as a class of materials which may be convenient to treat
many-body solid state physics that is essentially beyond
band theory. It is accepted that usually many-body effects
lead only to renormalization of the quasiparticle parameters
in the sense of Landau’s Fermi liquid (FL) theory, the elec-
tronic liquid being qualitatively similar to the electron gas
(see, e.g., Refs. 24 and 25). On the other hand, NQP states in
HMF are not described by the FL theory. As an example of
highly unusual properties of the NQP states, we note that
they can contribute to the 7-linear term in the electron heat
capacity,'>?® despite their density at Ej is zero for T=0.

Spin-polarized scanning tunneling microscopy (STM)?’ is
a very efficient method which enables one to probe directly
the spectral density with spin resolution in magnetic systems.
The spin-polarized STM should be able to probe the NQP
states via their contribution to the differential tunneling con-
ductivity dZ/dV. At zero temperature, NQP states arise only
above Ej for the case of minority-spin gap and only below
Ep for the majority-gap HMF.? Unlike the photoemission
spectroscopy which probes only occupied electron states,
STM detects the states both above and below E, depending
on the sign of bias.

Theoretical investigation of NQP contributions to STM
spectra is the aim of the present paper. The paper is orga-
nized as follows. In Sec. II we discuss a general expression
for the tunneling current Z as applied to HMF. In Sec. III the
effect of surface potential and other spatial inhomogeneities
on the NQP spectral density is considered. In Secs. IV and V
we calculate the energy and temperature dependences of
dZ/dV and treat the problem of tunneling-current spin-
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polarization at finite temperatures. In Sec. VI the bias depen-
dences of the tunneling conductance are discussed.

II. CALCULATION OF THE TUNNELING CURRENT

A general expression for the tunneling current in the low-
est order in the tunneling matrix elements has the form?$2°

- %62 My, f dEA(E)AJ(E = eV)[f(E - eV) - f(E)],

(1)

where e is electron charge, o is the spin projection, V is the
bias, f(e) is the Fermi distribution function, greek (italic)
indices label electron eigenstates for the sample (tip)

Yy
h? " p
MZ-V= 2_ f dA(wno-V ¢V0'_ ¢VU \Y ¢ng) (2)
m

is the current matrix element, m is the free electron mass [the
surface integral in Eq. (2) is taken over arbitary area between
the tip and the sample], and

AYE) ==~ Im GY(E) 3)

is the corresponding spectral density, Go(E)=G} (E) is the
sample Green’s function,

ng(E) = <<CV0'|C;0->>E7
N

¢, being the creation operators for conduction electrons. It
is worthwhile to emphasize that the expression (1) takes into
account correlation effects in a formally exact way, assuming
that the tunneling probability is small. In fact, the latter con-
dition should be satisfied for proper STM measurements,
otherwise they cannot be considered as a true probe. In the

WKB approximation Eq. (1) takes the form3’

me( h%\? 2m®,,
I(z,V) = 7(&) > eXP(— 2z P )N;T(EF)

x j JELAE - eV) - (B Ig“ (B, @)

where @ is the average of sample and tip work functions
(which is assumed to be large in comparison with eV for
simplicity), z is the distance between the surface and the tip.
Here N,(E) is the density of states (DOS) of the tip material,
which is supposed to be smooth and thus is replaced by its
value at the Fermi energy, and

g7(E) = 2, AYE)vala(k)|vo) (5)

is the density of states of the sample with zero in-plane com-
ponent of the wave vector: k;=0 so that the summation is
performed only over two points of the Fermi surface. This
condition means that the tunneling probability has a sharp (at
not too small z) maximum for the states with velocity direc-
tion normal to the surface. For a generic multisheet Fermi
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surfaces the condition of the dominant tunneling is, generally
speaking, more complicated, but this modifies only some
weakly bias-dependent factors.

III. NONQUASIPARTICLE STATES IN INHOMOGENEOUS
MATERIALS

Since STM probes only surface one has to discuss first
modification of NQP states in comparison with the case of
ideal bulk crystal. The existence of NQP states at the surface
of HMF has been demonstrated for a narrow-band Hubbard
model.3! Here we present a general derivation valid in the
case of arbitrary inhomogeneity in the electron subsystem
(e.g., surface, impurity states, dislocations).

To describe the effects of electron-magnon interaction for
the inhomogeneous case we use the formalism of the exact
eigenfunctions developed earlier for the impurity-state prob-
lem in a ferromagnetic semiconductor.®> The corresponding
Hamiltonian of the s-d exchange model reads

H= J dr<2 W (e HIW (r)

-3 aS(rwi,(r)awf\Ifo(r)) +H,,

oo

ﬁZ
Hy ===V + U,(r), (6)
2m

where U,(r) is the potential energy (with account of the
electron-electron interaction in the mean field approxima-
tion) which is supposed to be spin dependent, W (r) is the
field operator for the spin projection o,S(r) is the spin den-
sity of the localized-moment system, 8S(r)=S(r)—(S(r)) is
its fluctuating part, the effect of the average spin polarization
(S(r)) being included into U,(r). We use an approximation
of contact electron-magnon interaction described by the s-d
exchange parameter /,

Ha==2JS¢S-q (7)
q

is the Heisenberg Hamiltonian of localized spin (for simplic-
ity we neglect the inhomogeneity effects for the magnon sub-
system).

Passing to the representation of the exact eigenfunctions
of the Hamiltonian g,

HgdjVU' = 8V(J'(?[,V()"
,\I,(T(r) = E wl/(?’(r)cl/()" (8)

one can rewrite the Hamiltonian (6) in the following form:

H= 2 swc',tgcw -1 E (va, u8lq) 5ch',[aa'aﬁcuﬁ +Hys
vo uvafq

)
where 68,=S,—(S)Jq0
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(vo,uo’lq) = (uo’ eV vo).

We take into account again the electron-spectrum spin split-
ting in the mean-field approximation by keeping the depen-
dence of the eigenfunctions on the spin projection.

We restrict ourselves to the spin-wave region where we
can use for the spin operators the magnon, e.g., the Dyson-
Maleev representation
St= (25)”2(1

ST =(29)"p], L )b,., Si=S—b)b;,

S 1
where S is the localized-spin value. Then we have for the
one-electron Green’s function

GZ(E) = [E — &y~ Eg(E)]_la (10)

with the self-energy 3J(E) describing correlation effects
(electron-magnon scattering).

We start with the perturbation expansion in the electron-
magnon interaction. To second order in / one has

S9(E) =2I"SQ%(E) (11)
with
Ny
ONE) =2 |(v], Ml|Q)|2—+nL
uq &)t g
1+N,
04E) = |(vl. mlq>|2+—*i (12)
uq ul ~ @Wq

where n;=f(e,,), w4 is the magnon energy, Ny=Np(wy) is
the Bose function.

Using the expansion of the Dyson equation (10) we obtain
for the spectral density

AuglE) ==~ 1m GY(E)
. - 1 Im %9(E)
=8E-¢€,,) -6 (E-¢,,)Re ZI(E) - ;(E——Swz
(13)

The second term on the right-hand side of Eq. (13) gives the
shift of quasiparticle energies. The third term, which arises
from the branch cut of the self-energy, describes the incoher-
ent (nonquasiparticle) contribution owing to scattering by
magnons. One can see that this does not vanish in the energy
region, corresponding to the “alien” spin subband with the
opposite projection —o.

In comparison with a characteristic band energy the mag-
non frequency contains small parameters, both formal and
physical (e.g., the squared s-d parameter in the case of indi-
rect exchange interaction). The smallness for the case of de-
generate ferromagnetic semiconductors and related com-
pounds is guaranteed by the smallness of the current-carrier
concentrations.?? First-principle calculations of magnon fre-
quencies for half-metallic Heusler alloys® and for HMF with
the zink-blende structure’* give values of order of 0.1 eV
which is much smaller than typical electron energies. There-
fore we neglect temporarily in Eq. (12) the magnon energy
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W ig .comparison with typical electron energies. Using the
identities

v, 2 1%
S 0 oo [ [ zq el
:_ldergiE;), Im2<V| lqr 0
+i0)~ e )
= ijdE’g(E)I (V(E" = Hy+i0)7!v) (14)
we derive
SI(E) =28 f ae LEL otz £ -4,
(15)
SYE)=2PS f —fE )< vl [8(E-E' - H)|vl).
(16)

Here we restrict ourselves only to the case of zero tempera-
ture 7=0 neglecting the magnon occupation numbers Nj.
Using the tight-binding model for the ideal-crystal Hamil-
tonian we find in the real-space representation

Ser(E)= 2125f dE’f(E’)(— 71—7 Im Gﬁ,R(E’)>5R,R,,

(17)

Sk (E)=2PS f dE'T1 —f(E’)]<— }T Im GL,R(E')> S

(18)

where R, R’ are lattice site indices, and therefore
2UE) = 2 [ (RPER R(E). (19)
Following the method developed by us earlier'?3> one can

generalize the above results to the case of arbitrary s-d ex-
change parameter. Simplifying the sequence of equations of
motion (cf. Ref. 35) we obtain the integral equation

(E - £,,)G%(E) = 8,, + 0IR’ (E) — O'IE (E

o) R (E)G (E), (20)
where
L

RIAE) = 2 (LM = @) (0] o) y—e—,
©q Eul * wq
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1=n!
Rn(E)= X (T M @)l wlla) ==~ (1)
uyq TEur T Wg

Note that the equation (20) is exact in the case of empty
conduction band (n,,=0, one current carrier, ferromagnetic
semiconductor situation), and for finite band filling this cor-
responds to a ladder approximation in the diagram approach.
Similar to (14), we obtain after neglecting the magnon
energies in (21) the equation for the Greens function

> (E- e, ,)R%(E)GS(E) = (volR(E)(E - H{

K

+i0)'G(E)|va), (22)

where we use the matrix notations. Then we have for the
operator Greens function

-1
R"(E)) .
(23)

G’(E) = (E—HO +ol(Hg - H, )TR”(E)

If we consider spin dependence of electron spectrum in the
simplest rigid-splitting approximation &,,=¢,—dl{S%) and
thus neglect spin dependence of the eigenfunctions ,,(R)
the expressions (15) and (16) are drastically simplified. Then
the self-energy does not depend on v and we have

o 2I°SR°(E)
2B = 1+ olR°(E)’ @4
nl 1 - nT
R(E)=2 —*—, R{(E)=2 —*. (29
I E- Eul “ E- &

If H is just the crystal Hamiltonian (v=Kk,&,,=#y,, fi, be-
ing the band energy), the expression (23) coincides with that
obtained in Ref. 12 for the Hubbard model after the replace-
ment /— U.

The expression (23) can be also represented in the form

-1
G'(E) = (E —Hy" — (HG - H” ) . (26)

1 + oIR(E)

The equation (26) is convenient in the narrow-band case. In
this limit where spin splitting is large in comparison with the
bandwidth of conduction electrons we have ’H(T)—H(T,=—ZIS
and we obtain for the “lower” spin subband with o
=-sign /,

-1
5 ) . (27)

G°(E) = (E -Hy " + R(E)

For a periodic crystal Eq. (27) takes the form
Gy(E) = (E feeo + 2—S>_1 (28)
k - k-o RO-(E) .

This expression yields the exact result in the limit /— +%,
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-1 3
e e

with e=E+IS, f, the bare electron spectrum. In the limit /
— - Eq. (28) gives correctly the spectrum of spin-down
quasiparticles,

GL(E) = (e—1)" (30)

S
25+1
with e=E-I1(S+1), ti: [25/(25+1)]t,. However, it does not
describe the NQP states quite correctly, so that more accurate
expressions can be obtained by wusing the atomic
representation,>”

R*(ﬁ) - E f(tk)* )

Kk €1

(31

On the other hand, the result (27) and (28) yields a good
interpolation description in the Hubbard model.%!%-12

The Green’s functions (28), (29), and (31) have no poles,
at least for small current carrier concentration, and the whole
spectral weight of minority states is provided by the branch
cut (nonquasiparticle states).'%!2 For surface states this result
was obtained in Ref. 31 in a narrow-band Hubbard model.
Now we see that this result can be derived in an arbitrary
inhomogeneous case, the inhomogeneity being taken into ac-
count in the operator form in Egs. (26) and (28) for arbitrary
Hamiltonian H,. For a HMF with the gap in the minority
spin subband NQP states occur above the Fermi level, and
for the gap in the majority spin subband below the Fermi
level.

In the absence of spin dynamics (i.e., neglecting the mag-
non frequencies) the NQP density of states has a jump at the
Fermi level. However, the magnon frequencies can be re-
stored in the final result, in analogy with the case of ideal
crystal, which leads to a smearing of the jump on the energy
scale of a characteristic magnon energy . It should be men-
tioned once more that we restrict ourselves to the case of the
usual three-dimensional magnon spectrum and do not con-
sider the influence of surface states on the spin-wave sub-
system. The expressions obtained enable us to investigate the
energy dependence of the spectral density.

- (i B
=5 |€- YN s
k 25+1 KT R(e)

IV. THE NON-QUASIPARTICLE DENSITY OF STATES

An analysis of the electron-spin coupling yields different
pictures for two possible signs of the s-d exchange parameter
I. For I >0 the spin-down NQP scattering states form a “tail”
of the upper spin-down band, which starts from Ej (Fig. 1)
since the Pauli principle prevents electron scattering into oc-
cupied states.

For 7<0 spin-up NQP states are present below the Fermi
level as an isolated region (Fig. 2): occupied states with the
total spin S—1 are a superposition of the states |S)||) and
|S—1)|1). The entanglement of the states of electron and spin
subsystems which is necessary to form the NQP states is a
purely quantum effect formally disappearing at S—oc. To
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FIG. 1. Density of states in the s-d exchange model of a half-
metallic ferromagnet with S=1/2, I=0.3 for the semielliptic bare
band with the width of W=2. The Fermi energy calculated from the
band bottom is 0.15 (the energy is referred to Ep). The magnon
band is also assumed semielliptic with the width of w,,,,=0.02. The
nonquasiparticle tail of the spin-down subband (lower half of the
figure) occurs above the Fermi level. The corresponding picture for
the empty conduction band is shown by dashed line; the short-
dashed line corresponds to the mean-field approximation.

understand better why the NQP states are formed only below
Er in this case we can treat the limit /=—cc. Then the current
carrier is really a many-body state of the occupied site as a
whole with total spin §—1/2, which propagates in the ferro-
magnetic medium with spin § at any site. The fractions of the
states |S)||) and [S—1)|T) in the current carrier state are
1/(2S+1) and 25/(2S+1), respectively, so that the first num-
ber is just a spectral weight of occupied spin-up electron
NQP states. At the same time, the density of empty states is
measured by the number of electrons with a given spin pro-
jection which one can add to the system. It is obvious that
one cannot put any spin-up electrons in the spin-up site at
I=—o. Therefore the density of NQP states should vanish
above Ep.

It is worthwhile to note that in the most known HMF the
gap exists for minority-spin states.” This is similar to the case
I1>0, so that the NQP states should arise above the Fermi
energy. For exceptional cases with the majority-spin gap
such as a double perovskite Sr,FeMoOy (Ref. 36) one should
expect formation of the NQP states below the Fermi energy.

It has been proven in the preceding section that the pres-
ence of space inhomogeneity (e.g., surface) does not change
qualitatively the spectral density picture, except smooth ma-
trix elements. Therefore further in this section we will con-
sider, for simplicity, the case of clean infinite crystal; all the
temperature and energy dependences of the spectral density
will be basically the same for the surface layer.

The second term on the right-hand side of Eq. (13) de-
scribes the renormalization of quasiparticle energies. The
third term, which arises from the branch cut of the self-
energy 2,,(E), describes the incoherent (nonquasiparticle)
contribution owing to scattering by magnons. One can see
that this does not vanish in the energy region, corresponding
to the “alien” spin subband with the opposite projection —o.
Further on we perform for definiteness concrete calculations
in the case I>0 (the case I<0 differs, roughly speaking, by
a particle-hole transformation). Summing up Eq. (13) to find
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FIG. 2. Density of states in a half-metallic ferromagnet with /
=-0.3<0, other parameters being the same as in Fig. 1. The spin-
down subband (lower half of the figure) nearly coincides with the
bare band shifted by /S. Nonquasiparticle states in the spin-up sub-
bands (upper half of the figure) occur below the Fermi level; the
short-dashed line corresponds to the mean-field approximation.

the total DOS N (E) and neglecting the quasiparticle shift we
obtain

2
2I°SN

NT(E)=E(1—( )5(E_tkT),
kq

2
Tk+q — tkp)

1+N,—n
_ ~T''q" Tkl
N|(E) =25, K S(E =1 — ), (32)
kg (fieq) = iy = @)

where we consider for simplicity only second-order pertur-
bation expression. Basing on a general consideration in the
preceding section one can prove that, actually, this expres-
sion holds for arbitrary /, at least, in the framework of 1/2S
expansion.

The T32-dependence of the magnon contribution to the
residue of the Green’s function, i.e., of the effective electron
mass in the lower spin subband, and an increase with tem-
perature of the incoherent tail from the upper spin subband
result in a strong temperature dependence of partial densities
of states N(E), the corrections being of opposite sign. At the
same time, the temperature shift of the band edge for the
quasiparticle states is proportional to 752 rather than to
magnetization.!%3

The exact solution in the atomic limit (for one conduction
electron), which is valid not only in spin-wave region, but
for arbitrary temperatures, reads®’

S+1+0(S% 1
25 +1 E+1IS

S — (5% 1
+ )
28S+1 E-I(S+1)
(33)

G’(E)=

In this case the energy levels are not temperature dependent
at all, whereas the residues are strongly temperature depen-
dent via the magnetization.

Now we consider the case 7=0 for a finite band filling.
The picture of N(E) in HMF (or degenerate ferromagnetic
semiconductor) demonstrates strong energy dependence near
the Fermi level (Figs. 1 and 2). If we neglect magnon fre-
quencies in the denominators of Eq. (32), the partial density

104429-5



V. YU. IRKHIN AND M. I. KATSNELSON

FIG. 3. Density of states in a half-metallic ferromagnet in the
s-d model with /— +20, S=1/2. The Fermi energy calculated from
the bare band bottom is 0.1 (the energy is referred to Ey; concen-
tration of conduction electrons is ¢=0.019). The dashed line shows

the function —(1/)Im R(E).

of incoherent states should occur by a jump above or below
the Fermi energy Er for />0 and /<0, respectively, owing
to the Fermi distribution functions. An account of finite mag-
non frequencies wq=Dq2 (D is the spin wave stiffness con-
stant) leads to smearing of these singularities, N(Ey) being
equal to zero. For |[E—E|<® we obtain

3/2

NealB) _ 1 Al - Ep),

N(E) 2§

E-Ey

a=sgnl

(34)

(a== corresponds to the spin projections T, |). With increas-
ing |[E-Eg|, N_,/N, tends to a constant value which is of
order of I? within the perturbation theory.

In the strong coupling limit where |I| — % we have from
(32),

NuB) 1
N = a5 MeE=ED)

|E-Ef| > o. (35)
In fact, this expression is valid only in the framework of the
1/2S-expansion, and in the narrow-band quantum case we
must use more exact expressions (29) and (31). In numerical
calculations, we follow Ref. 32 and smear the resolvents,

R(E) — R(E) = f dwK(»)R(E + w).

We use the semielliptic magnon DOS K(w) which is propor-
tional (with the corresponding shift) to the bare electron
DOS, the maximum magnon frequency being determined by
the electron concentration ¢ (Ref. 32). This approximation
provides the correct behavior near the Fermi level (cf. Ref.
38), although gives an unphysical shift of the band bottom by
the maximum magnon frequency.

The results of calculations are shown in Figs. 3 and 4.
One can see that in the model with /— —oo (for S=1/2 this is
equivalent to the Hubbard model with the replacement
—1,/2, see Refs. 10 and 12) the “Kondo” peaks*® modify
considerably the picture. Note that the function
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FIG. 4. Density of states in a half-metallic ferromagnet in the
s-d model with /— —, §=1/2. The Fermi energy calculated from
the bare band bottom is 0.2 (the energy is referred to Ex; ¢=0.034).
The dashed line shows the function —(1/4)Im R*(E).

—(1/4)Im R*(E), which yields DOS in the lowest-order ap-
proximation in the electron concentration, does not have
such peaks.

To investigate details of the energy dependence of N(E) in
the broad-band case we assume the simplest isotropic ap-
proximation for the majority-spin electrons,

K-k
—£. (36)
2m

i —Ep=&=
Provided that we use the rigid splitting approximation 7
=ty +A (A=21S,1>0), the half-metallic situation (or, more
precisely, the situation of degenerate ferromagnetic semicon-
ductor) takes place for A> Ep. Then qualitatively the equa-
tion (34) works to accuracy of a prefactor. It is worthwhile to
note that, formally speaking, the NQP contribution to DOS
occurs also for an “usual” metal where A <FE. In the case of
small A there is a crossover energy (or temperature) scale

T" =D(m" Akg)* (37)
which is the magnon energy at the boundary of Stoner con-

tinuum, 7" = &(A/Ef)> < o. At |[E-E;| < & the equation (32)
for the NQP contribution reads

1 [ 1+ \(E-EQT #>
5N1(E) (2111 1_\/m‘ _\4(E'—l':'p)/7‘>‘<

X OE - Ep). (38)

At |[E-Eg|<T" this gives the same results as above. How-
ever, at T <|E—E;| <& this contribution is proportional to
—\(E-Ep)/T" and is negative (of course, the total DOS is
always positive). This demonstrates that one should be very
careful when discussing the NQP states for the systems
which are not half-metallic.

The model of rigid spin splitting used above is in fact not
applicable for the real HMF where the gap has a hybridiza-
tion origin.!> The simplest model for HMF is as follows: a
“normal” metallic spectrum for majority electrons (36) and
the hybridization gap for minority ones,
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X
0.5 1 1.5 2 2.5 3

FIG. 5. Plot of the function b(x) defined in Eq. (41).

1 .
ty —Ep= E(fk +sgn(§)VE + A% (39)

Here we assume for simplicity that the Fermi energy lies
exactly in the middle of the hybridization gap (otherwise one
needs to shift & — & +Ey—Ef in the last equation, E; being
the middle of the gap). One can replace in Eq. (32) &4 by
viq, vi,=Kk/m". First, we integrate over the angle between the
vectors k and q. It is easy to calculate

1 2 8
<< )> ( —[x3 - (X2+1)3/2+1]+X>,
Ik+q) — Ik} — @q vrqA\3

(40)

where angular brackets stand for the average over the angles
of the vector k, X=krq/m"A. Here we do have the crossover
with the energy scale 7" which can be small for small
enough hybridization gap. For example, in NiMnSb the con-
duction band width is about 5 eV and the distance from the
Fermi level to the nearest gap edge (i.e., indirect energy gap
which is proportional to A?) is smaller than 0.5 eV, so that
(A/ER)?*<0.1.
For the case 0 <E—-Ep<<® one has

_EF)
T,?’ b

2 y3/2’ y< 1’
b(y)=Z[y"*=(1+y) "+ 1]+y+y"=
5 y, y>1.

(41)

N|(E) = b(

The function b(x) is shown in Fig. 5. Thus the behavior
N|(E) < (E—Ep)** takes place only for very small excitation
energies E—Er<T", whereas in a broad interval T"<E
—Ep<® one has the linear dependence N|(E)*E—EF.

V. THE TEMPERATURE DEPENDENCE OF SPIN
POLARIZATION

Simple qualitative considerations,* as well as direct

Green’s functions calculations''** for magnetic semiconduc-
tors, demonstrate that spin polarization of conduction elec-
trons in the spin-wave region is proportional to magnetiza-
tion
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— Z
P= NT Nl =2P(SY). (42)
A weak ground-state depolarization 1— P, occurs in the case
where I>0. The behavior P(T)=(S?) is qualitatively con-
firmed by experimental data on field emission from ferro-
magnetic semiconductors*' and transport properties of half-
metallic Heusler alloys.*?

An attempt was used® to generalize the result (42) on the
HMF case [in fact, using qualitative arguments which are
valid only in the atomic limit, see Eq. (33)]. However, we
will demonstrate that the situation for HMF is more compli-
cated.

In this section we focus on the magnon contribution to
DOS (32) and calculate the function

2
A= ﬂ%é@ ~ ). (43)
Kkq (Tkiq) = ) — @g)

Using the parabolic electron spectrum fm=k2/ 2m" and aver-
aging over the angles of the vector k we obtain

2125m
k2

pE (44)
q -q"

where p=N,(Ef,T=0), we have used the condition ¢
<kp,q"=m"Alkp=A/vy, where A=2|I|S is the spin split-
ting. In the ferromagnetic semiconductor we have, in agree-
ment with the qualitative considerations presented above

S_<sz> oc<1>3/2
s P\ P

A=

(45)

Further on we consider the spectrum model (36) and (39)
where the gap has a hybridization origin. At T<T" we re-
produce the result (45) which is actually universal for this
temperature region. At T"<T<& we derive

N, 712 T
OCqZ TUZTlnTk

C

A= Z 2SN, 5(§k)

(46)

This result distinguishes HMF like the Heusler alloys from
ferromagnetic semiconductors and narrow-band saturated
ferromagnets. In the narrow-band case the spin polarization
follows the magnetization up to the Curie temperature 7.

For finite temperatures the density of NQP states at the
Fermi energy is proportional to!!-26:3

K(w)

N(EF)OC,[O dwm. (47)

Generally, for temperatures which are comparable with the
Curie temperature 7~ there are no essential difference be-
tween half-metallic and “ordinary” ferromagnets since the
gap is filled. The corresponding symmetry analysis is per-
formed in Ref. 26 for a model of conduction electrons inter-
acting with “pseudospin” excitations in ferroelectric semi-
conductors. The symmetrical (with respect to Ep) part of
N(E) in the gap can be attributed to smearing of electron
states by electron-magnon scattering; the asymmetrical
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(“Kondo-like”) one is the density of NQP states owing to the
Fermi distribution function. Unlike the paramagnetic situa-
tion, the pseudo-Kondo-effect (the terms with the Fermi
functions, which yields logarithms in the absence of spin
dynamics) occur already in the second order in the s-d ex-
change parameter /.

Note that the discussed filling of the gap is very important
for possible applications of HMF in spintronics: they really
have some advantages only provided that 7<<T. Since a
single-particle Stoner-type theory leads to much less restric-
tive (but unfortunately completely wrong) inequality T<<A,
the many-body treatment of the spin-polarization problem
(inclusion of collective spin-wave excitations) is required.

VI. BIAS DEPENDENCE OF THE TUNNELING
CONDUCTANCE

Now we consider an application of the results obtained
above to the tunneling spectroscopy problem. The formulas
of Sec. IV for the energy dependence of NQP contributions
are, strictly speaking, derived for the usual one-electron den-
sity of states at E, which is observed, say, in photoemission
measurements. However, the factor of gZ(E), which is
present in the expression for the tunneling current (4), does
not influence the temperature dependence, and therefore
these results are valid for spin polarization from tunneling
conductance at zero bias in STM.

The only difference in the NQP contributions to g7(E) and
N,(E) is in that after summation over the magnon wave vec-
tor q the integration is performed over not in the the whole
Fermi surface, but its two points [see Eq. (5)]. For a spherical
Fermi surface for majority electrons the results differ by the
constant factor of the Fermi surface diameter. However, the
energy and temperature dependences should be the same in a
more general case.

Consider the bias dependence of the tunneling current for
zero temperature. One can see from Eq. (4) that

dZ,(V)
dv

x g7(eV) = Ny(eV). (48)

Again, the last proportionality can be strictly justified in the
case of a spherical Fermi surface only, but is qualitatively
valid for arbitrary electron spectrum.

One should keep in mind that sometimes the surface of
HMF is not half-metallic; in particular, this is the case of a
prototype HMF, NiMnSb.* In such a situation, the tunneling
current for minority electrons is due to the surface states
only. However, the NQP states can be still visible in the
tunneling current via the hybridization of the bulk states with
the surface one. The hybridization leads to the Fano antireso-
nance picture which is usually observed in STM investiga-
tions of the Kondo effect at metallic surfaces (see, e.g., Refs.
45-47). In these cases the tunneling conductance will be
proportional to a mixture of N, and L,

d7°(eV)

o NoleV) + %L(,(eV), (49)

L,(E) being the real part of the on-site Green’s function,
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-0.02 0.02 0.04 0.06 0.08 0.1

-7 N_(E)

N

FIG. 6. Plot of the imaginary (upper line) and real (lower line)
parts of the Green’s function near the Fermi level in a half-metallic
ferromagnet with the same parameters as in Fig. 1 (the energy is
referred to Ef).

3 ,N(E")
L, (E)="P J dE T (50)

(P stands for principal value, E is referred to the Fermi en-
ergy.) Surprisingly, in this case the effect of NQP states on
the tunneling current can be even more pronounced in com-
parison with the ideal crystal. The reason is that the analyti-
cal continuation of the jump in N (E) is logarithm; both
singularities are cut at the energy @; nevertheless, the energy
dependence of L,(E) can be pronounced, see Fig. 6. This is
similar to the effect of enhancement of the NQP contribution
to the x-ray absorption and emission spectra, which was pre-
dicted in Ref. 15. The corresponding curves of the NQP con-
tributions to the tunneling conductance are shown in Fig. 7.
It should be stressed that the correction (but, of course, not
the whole tunneling conductance) can become negative for
a>0.

Now we discuss in more detail the energy dependence for
|E|<®. The analytical continuation of the E*26(E)-
contribution to N,(E) yields the contribution (—E)*?>6(-E) in
L,(E) which is nonzero on the other side with respect to Ep
(a situation that is formally similar to the electronic topologi-
cal transition, see Ref. 51). The one-sided linear dependence

dI_(eV)/dv =

-0.02 0.02 0.04 0.06--6708 0.1

FIG. 7. The curves of the NQP contributions to the tunneling
conductance which correspond to Fig. 6 with different mixing fac-
tors in Eq. (49): a=0 (solid line), a=-0.4 (long-dashed line), and
a=0.4 (short-dashed line).
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in N,(E) according to Eq. (41) corresponds to E In|E| in
L(E).

STM measurements of electron DOS give also an oppor-
tunity to probe bosonic excitations interacting with the con-
duction electrons. Due to electron-phonon coupling, the de-
rivative dN,(E)/dE and thus d*Z,(V)/dV? at eV=E have
peaks at the energies E=+ w; corresponding to the peaks in
the phonon DOS (Refs. 48-50). According to our results
[see, e.g., Eq. (32)], the same effect should be observable for
the case of electron-magnon interaction. However, in the lat-
ter case these peaks are essentially asymmetric with respect
to the Fermi energy (zero bias) due to asymmetry of the
nonquasiparticle contributions. This asymmetry can be used
to distinguish phonon and magnon peaks.

VII. CONCLUSIONS

In the present paper we have demonstrated that nonquasi-
particle states in half-metallic ferromagnets exist not only for
an ideal crystal, but also in the presence of an arbitrary ex-
ternal potential. In particular, they occur at the surface of the
half-metallic ferromagnets. These states can be probed by the
STM both directly and via their effect on the surface states
(the Fano antiresonance case). Therefore, they can be observ-
able even for the situation of surface “dead layers” where the
surface is not half-metallic. The expressions obtained can be
used for realistic electronic structure calculations of NQP
contributions to the electron energy spectrum of the surfaces
of HMF.

PHYSICAL REVIEW B 73, 104429 (2006)

Temperature dependence of the spin polarization at the
Fermi energy which can be also probed by the STM follows
the temperature dependence of magnetization in very low
temperatures. For the HMF with a hybridization gap, there is
a crossover energy (temperature) 7" < T where the character
of the temperature dependence is changed. The energy de-
pendence of the NQP contributions (and consequently the
bias dependence of the tunneling current) is strongly influ-
enced by the band structure too. In particular, for HMF with
a hybridization gap this demonstrates a linear rather than E*?
behavior in a wide interval. In the narrow-band case a
Kondo-type peak (Fig. 4) near the Fermi level should be
observed in tunneling experiments.

Due to asymmetry of NQP states with respect to the Fermi
energy, the magnon peaks in d>Z(V)/dV? are also asymmet-
ric with respect to the zero bias, in contrast with the phonon
ones. This gives an opportunity to distinguish between pho-
non and magnon peaks in the inelastic spectroscopy by STM.

In principle, the NQP effects discussed should exist also
in usual metallic ferromagnets. However, only in HMF can
they be picked up in a pure form.
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