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Spin-polarized  scanning tu n n elin g  m icroscopy o f half-m etallic ferrom agnets: 

N on-q uasiparticle  contribu tions

V. Yu. Irkhin
Institute of Metal Physics, 620219 Ekaterinburg, Russia

M. I. K atsnelson
Institute of Molecules and Materials, University of Nijmegen, 6525 ED Nijmegen, The Netherlands

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 non-quasiparticle (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.

I. IN T R O D U C T IO N

The h istory  of the  investigations of half-m etallic ferrom agnets (HM F) s ta rts  from the electronic struc tu re  calculation 
for NiM nSb [1]; la ter a num ber of o ther examples were discovered, e.g., C rO 2, Fe3O 4, a num ber of the Heusler alloys 
Co2MnZ and RM nSb (for a review, see Refs. 2, 3). These substances have m etallic electronic s truc tu re  for one 
spin projection (m ajority- or m inority-spin sta tes), bu t for the opposite spin direction the Fermi level lies in the 
energy gap. Owing to  th is fact HM F a ttra c t now a growing a tten tion  of researchers in connection w ith “spintronics” , 
or spin-dependent electronics [4]. The spin-up and spin-down contributions to  electronic tran sp o rt properties have 
different orders of m agnitude, which can result in a huge m agnetoresistance for heterostructures containing HM F [2]. 
Some evidences of the HM F behavior in colossal m agnetoresistance (CMR) m aterials like L a i_ xSrxM nO 3 found by 
using tunneling spectroscopy [5, 6] and photoem ission technique [7] have increased considerably the in terest in the 
half-m etallic ferrom agnetism ; however, the situation  in the CM R system s is controversial, as dem onstrate Andreev 
reflection experim ents [8].

Peculiar band  structu re  of HM F results in an im portan t role of incoherent (non-quasiparticle, N Q P) sta tes which 
occur because of correlation effects [2]. The appearance of N Q P sta tes in the energy gap near the  Fermi level 
[9, 10, 11, 12] is one of the m ost interesting correlation effects typical for HM F. The origin of these sta tes is connected 
w ith “spin-polaron” processes: the spin-down low-energy electron excitations, which are forbidden for HM F in the 
one-particle picture, tu rn  out to  be possible as superpositions of spin-up electron excitations and v irtual magnons. The 
density  of these sta tes vanishes a t the  Fermi level E F for tem pera tu re  T  =  0, bu t increases drastically  a t the energy 
scale of the  order of a characteristic  m agnon frequency To. The existence of N Q P sta tes is relevant for spin-polarized 
electron spectroscopy [12, 13], NM R [14], core-level spectra  of the  HM F [15], and subgap tran sp o rt in ferrom agnet- 
superconductor junctions (Andreev reflection) [16]. Several experim ents could be perform ed in order to  clarify the 
im pact of the N Q P sta tes on spintronics. In particular, I  — V  characteristics of half-m etallic tunnel junctions for the 
case of antiparallel spins are com pletely determ ined by N Q P sta tes [17, 18]. Recently the density of N Q P sta tes has 
been calculated from first principles for a p ro to type HM F, NiM nSb [19], and for CrAs [20].

On the o ther hand, HM F are very interesting conceptually as a class of m aterials which m ay be convenient to  trea t 
m any-body solid s ta te  physics th a t is essentially beyond band  theory. It is accepted th a t usually m any-body effects 
lead only to  renorm alization of the quasiparticle param eters in the sense of L an d au ’s Fermi liquid (FL) theory, the 
electronic liquid being qualitatively sim ilar to  the electron gas (see, e.g., Refs.21, 22). O n the o ther hand, N QP sta tes 
in HM F are not described by the FL theory. As an example of highly unusual properties of the N Q P states, we note 
th a t they  can contribute to  the T -linear te rm  in the electron heat capacity  [12, 23], despite their density  a t E F is zero 
for T  =  0.

Spin-polarized scanning tunneling microscopy (STM) [24] is a very efficient new m ethod which enables one to  probe 
directly  the spectral density  w ith spin resolution in m agnetic system s. The spin-polarized STM  should be able to  
probe the N QP sta tes via their contribution  to  the  differential tunneling conductivity  d l / d V . At zero tem perature, 
N Q P sta tes arise only above E F for the case of m inority-spin gap and only below E F for the  m ajority-gap HM F
[2]. Unlike the photoem ission spectroscopy which probes only occupied electron states, STM  detects the  sta tes bo th  
above and below E F , depending on the sign of bias.

Theoretical investigation of NQ P contributions to  STM spectra  is the aim  of the  present paper. The paper is
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organized as follows. In Sect.2 we discuss a general expression for the tunneling current I  as applied to  HM F. In 
Sect.3 the  effect of surface poten tia l and other spatial inhomogeneities on the N QP spectral density  is considered. In 
Sects.4 and 5 we calculate the energy and  tem pera tu re  dependences of d l / d V  and tre a t the problem  of tunneling- 
current spin-polarization a t finite tem peratures. In Sect.6 the  bias dependences of the  tunneling conductance are 
discussed.

II. C A L C U L A T IO N  O F T H E  T U N N E L IN G  C U R R E N T

A general expression for the  tunneling current in the lowest order in the tunneling m atrix  elements has the form 
[25, 26]

1  =  T  E |M " j 2 ƒ d E A " { E ) ^ { E ~ eV)  [f  { E ~ e V ^ ~ f  ^  Mnva

where e is electron charge, a  is the  spin projection, V is the  bias, f  (e) is the  Fermi d istribu tion  function, Greek 
(Latin) indices label electron eigenstates for the sample (tip) ^ n a ,

M L  = ^ J d A  (V C V V w  -  V C V V w ) (2)

is the curren t m atrix  element, m  is the  free electron m ass (the surface integral in E q .(2) is taken over arb ita ry  area 
between the  tip  and the sam ple), and

A l { E )  = - - l m G l { E )  (3)
n

is the  corresponding spectral density, (E ) =  G^V (E ) is the  sample G reen’s function,

(E ) =  « < w |c L ))e ,

c l a being the creation operators for conduction electrons. I t is worthwhile to  emphasize th a t the expression (1) takes 
into account correlation effects in a form ally exact way, assum ing th a t the tunneling probability  is small. In fact, 
the  la tte r condition should be satisfied for proper STM m easurem ents, otherwise they  cannot be considered as a true  
probe. In the W KB approxim ation E q .(1) takes the form [27]

l ( z ,  ( J ^  ^ e x p  N ?  ( Ef ) ƒ  d E  [ƒ ( E  -  eV)  -  ƒ (£?)] (E)  (4)

where is the  average of sample and tip  work functions (which is assum ed to  be large in com parison w ith eV  for 
sim plicity), z is the distance between the surface and the tip. Here N t (E ) is the  density  of sta tes (DOS) of the  tip  
m aterial, which is supposed to  be sm ooth and thus is replaced by its value a t the  Fermi energy, and

<£ (E ) =  £  A  (E ) M  S (k,|) |va)  (5)
V

is the  density  of sta tes of the sam ple w ith zero in-plane com ponent of the  wave-vector: k|| =  0 so th a t  the  sum m ation 
is perform ed only over two points of the  Fermi surface. This condition m eans th a t the  tunneling probability  has 
a sharp  (at not too  small z) m axim um  for the sta tes w ith velocity direction norm al to  the surface. For a generic 
m ulti-sheet Fermi surfaces the condition of the  dom inant tunneling is, generally speaking, more com plicated, bu t this 
modifies only some weakly bias-dependent factors.

III . N O N -Q U A S IP A R T IC L E  STA TES IN  IN H O M O G E N E O U S  M A T E R IA L S

Since STM  probes only surface one has to  discuss first m odification of NQ P sta tes in com parison w ith the case of 
ideal bulk crystal. The existence of N Q P sta tes a t the surface of HM F has been dem onstrated  for a narrow -band 
H ubbard  model [28]. Here we present a general derivation valid in the case of a rb itra ry  inhomogeneity.
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To describe the  effects of electron-m agnon in teraction for the  inhomogeneous case we use the formalism of the 
exact eigenfunctions developed earlier for the im purity -sta te  problem  in a ferrom agnetic sem iconductor [29]. The 
corresponding H am iltonian of the s — d exchange model reads

H  =  ƒ d ^ E  * o  (r) — I E  SS (r ) ^  (r ) ^ - '  ( r ) )  +  Hd

K  =  - ¿ V 2 +  [/(7(r) (6)

where Uo (r) is the  po ten tia l energy (with account of the electron-electron in teraction in the  m ean field approxim ation) 
which is supposed to  be spin dependent, ^ o (r) is the  field operator for the spin projection a, S (r) is the spin density  of 
the  localized-m om ent system , SS(r) =  S ( r )— (S(r)) is its fluctuating part, the  effect of the  average spin polarization 
(S (r)) being included into Uo (r). We use an approxim ation of contact electron-m agnon in teraction described by the 
s — d exchange param eter I ,

Hd =  — E  JqS qS  —q (7)
q

is the  Heisenberg H am iltonian of localized spin (for sim plicity we neglect the inhom ogeneity effects for the m agnon 
subsystem ).

Passing to  the representation  of the exact eigenfunctions of the  H am iltonian H o ,

H 0 evo ?

(r) =  E  ^vo (r) cvo, (8)
V

one can rew rite the H am iltonian (6) in the following form:

H =  E evoCVoCvo 1 E ( v a ,p ^ |q )  SSqc la a ap c ^  +  Hd (9)
vo fivafiq

where

(va, p a ' |q) =  (p a '| eiqr |va) .

We take into account again the electron-spectrum  spin splitting  in the  mean-field approxim ation by keeping the 
dependence of the  eigenfunctions on the spin projection.

We restric t ourselves to  the spin-wave region where we can use for the spin operators the m agnon (e.g., Dyson- 
Maleev) representation. Then we have for the one-electron G reen’s function

GO (E ) =  [E — evo — SO (E)] —1 , (10)

w ith the self-energy So (E ) describing correlation effects.
We s ta r t w ith the p e rtu rba tion  expansion in the  electron-m agnon interaction. To second order in I  one has

s o  (E ) =  2 I2SQo (E ) (11)

w ith

Q l ( E )  =  E  I T, M I M  \\ Nci + n}  , Q l ( E )  =  E  I (* T |q) ^  (12)^  E  — eMi +  Wq ^  E  — eM|  — Wq

where n^ =  f  (eMo) , wq is the m agnon energy, N q =  N B (wq) is the  Bose function.
Using the expansion of the Dyson equation (10) we ob tain  for the  spectral density

Ava (E)  =  — I m G ^ ( E )  =  5{E — £va)
n

- 5  ( E -  £lJa)ReYll, ( E ) ----- —  - (13)
n  (E  — evo)
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The second term  in the righ t-hand  side of E q .(13) gives the  shift of quasiparticle energies. The th ird  term , which arises 
from the branch cu t of the self-energy, describes the incoherent (non-quasiparticle) contribution  owing to  scattering  
by m agnons. One can see th a t  th is does not vanish in the  energy region, corresponding to  the “alien” spin subband 
w ith the opposite projection —a.

Neglecting tem porarily  in E q .(12) the  m agnon energy wq in com parison w ith typical electron energies and using 
the identities

d E ' Z ^ r .  I r n ^ 1 (vM|q ) |2
E  — E ' E '  — e» +  i0

(14)

=  —  dE

E  — E  

' F  (E ')

jq

q
d E / E<yE} . I m V l H  ei v (E ' - H 0 +  ¿ 0 )-1e- iqr \v)

E  — E
-Im  (v\ (E ' -  Ho +  *0) \v)

we derive

£ Î (E ) =  2 I2S  ƒ  d E 'ƒ (E ')  (v T| 5 ( e  — E ' — H l0)  |v T)

£V(E)  =  2 I2S  ƒ  dE  [1 — ƒ (E ')] (v j |  5 ( E  — E ' — H j )  |v | )

(15)

(16)

Here we restric t ourselves only to  the  case of zero tem pera tu re  T  =  0 neglecting the m agnon occupation num bers N q . 
Using the tight-binding model for the ideal-crystal H am iltonian we find in the real-space representation

5 4 iR,( £ )  =  2I 2S I  d E ' f ( E ' )  ¿R,R' 

£ ^ R,( £ )  =  212S j d E ' [ l - f ( E ' ) \  ^ - ì l m V

where R , R / are la ttice  site indices, and therefore

S , ( E ) = £  |Vw (R ) |2 SR ,r (E ).

(17)

(18)

(19)
R

Following the m ethod developed by us earlier [12, 29] one can generalize the  above results to  the  case of a rb itra ry  
s — d exchange param eter. Simplifying the sequence of equations of m otion (cf. Ref.29) we obtain  the integral equation

(E  — e v ,)G , a (E ) =  +  aIR Q A (E ) — a l  ] T ( E  — eK_ ff ) R ,a (E ) (E) (20)

where

R I a(E )

RVa(E)

(m i ,  A t I — q) T, ^  i  |q) T 7 3
E  — ej4 +  0 

1 — n j
E î > A  ̂ lq) <> m T lq) p -----------—
i q  E  — eJ î  — wq

(21)

Note th a t  the equation (20) is exact in the  case of em pty conduction band  (nVCT =  0, one current carrier, ferromag­
netic sem iconductor situation), and for finite band  filling th is corresponds to  a ladder approxim ation in the diagram  
approach.

Similar to  (14), we obtain  after neglecting the m agnon energies in (21) the equation for the  G reen’ function

(E  — e K_ ff)R , a (E ) (E ) =  (va | R q (E ) (E  — H ,  +  *0)- 1 G CT (E ) |va) (22)

where we use the m atrix  notations. T hen we have for the  operator G reen’ function

G q (E ) = E  — H q +  a l  (H q — H q q )
1

1 +  a I R Q(E)

- i
(23)

n j
q
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If we consider spin dependence of electron spectrum  in the sim plest rigid-splitting approxim ation evo =  ev — a I  (S z) 
and thus neglect spin-dependence of the eigenfunctions ^ vo (R ) the expressions (15),(16) are drastically  simplified. 
Then the self-energy does not depend on v and we have

E" (E) 

R T(E)

2 / 2S R " (E)
1 +  ct/R "  ( E ) ’

M E  -  £mJ-

1 — nM

■ £MT

(24)

(25)

If H q is ju s t the crystal H am iltonian (v =  k, eVCT =  t kQ, ¿kQ being the band  energy), the expression (23) coincides 
w ith th a t obtained in Ref. 12 for the H ubbard  model after the  replacem ent I  ^  U .

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

G " (E ) = E  — H 0- " — (H " — H - " )
1

1 +  ct/R "  (E)_
(26)

The equation (26) is convenient in the narrow -band case. In this lim it where spin splitting  is large in com parison with 
the bandw id 
a  =  — signI
the bandw idth  of conduction electrons we have H Q — H Q =  —2 IS  and we obtain  for the “lower” spin subband with

G " (E )

For a periodic crystal E q .(27) takes the form

Gk (E ) =

2S

R " (E)_

-1

E  — ¿k -"  +
2S  

R a (E) _

(27)

(28)

This expression yields exact result in the lim it I  ^  + to,

Gk (E ) =
2S

R(e)
(29)

w ith e =  E  +  IS , t k the bare electron spectrum . In the lim it I  ^  —to E q .(28) gives correctly the  spectrum  of 
spin-down quasiparticles,

Gk (E)
2S

2S +  1 [e—¿k] 1 (30)

w ith e =  E  — I ( S  +  1 ),tk  =  [2S/(2S +  1)]tk . However, it does no t describe the N Q P sta tes quite correctly, so th a t 
more accurate expressions can be obtained by using the atom ic representation  [30],

Gk (E ) =
2S

2S +  1
2S

W Ç )  J ,R*(e) =  E
/(% )
e — tZ

(31)

O n the o ther hand, the result (27), (28) yields a good in terpolation description in the  H ubbard  model [9, 10, 12].
The G reen’s functions (28), (29), (31) have no poles, a t least for small current carrier concentration, and the whole 

spectral weight of m inority  sta tes is provided by the branch cu t (non-quasiparticle sta tes) [10, 12]. For surface sta tes 
th is result was ob tained in Ref.28 in a narrow -band H ubbard  model. Now we see th a t this result can be derived in an 
a rb itra ry  inhomogeneous case. For a HM F w ith the gap in the m inority  spin subband N Q P sta tes occur above the 
Fermi level, and  for the  gap in the  m ajo rity  spin subband below the Fermi level.

In the  absence of spin dynam ics (i.e., neglecting the m agnon frequencies) the N Q P density of sta tes has a jum p at 
the Fermi level. However, the  m agnon frequencies can be restored in the  final result, in analogy w ith the case of ideal 
crystal, which leads to  a sm earing of the jum p on the energy scale of a characteristic m agnon energy To. I t should 
be m entioned once more th a t  we restric t ourselves to  the  case of the  usual three-dim ensional m agnon spectrum  and 
do not consider the influence of surface sta tes on the spin-wave subsystem . The expressions obtained enable us to  
investigate the  energy dependence of the spectral density.

I

1

E  — H - " +

1

1
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IV . T H E  N O N -Q U A S IP A R T IC L E  D E N S IT Y  O F STA TES

An analysis of the electron-spin coupling yields different pictures for two possible signs of the s — d exchange 
param eter I . For I  >  0 the  spin-down N Q P scattering  sta tes form a “ta il” of the upper spin-down band, which s ta rts  
from E f  (Fig.1) since the Pauli principle prevents electron scattering  into occupied states.

For I  <  0 spin-up N Q P sta tes are present below the Fermi level as an isolated region (Fig.2): occupied sta tes w ith 
the to ta l spin S  — 1 are a superposition of the sta tes |S)| j)  and  |S  — 1)| j) .  The entanglem ent of the  sta tes of electron 
and spin subsystem s which is necessary to  form the N Q P sta tes is a purely quantum  effect form ally disappearing 
a t S  ^  to. To understand  b e tte r why the NQ P sta tes are formed only below E F in th is case we can tre a t the 
lim it I  =  —to. T  hen the current carrier is really a m any-body sta te  of the occupied site as a whole w ith to ta l spin 
S  — 1/2, which propagates in the ferrom agnetic m edium  w ith spin S  a t any site. The fractions of the  sta tes |S )| j)  
and |S  — 1)| j)  in the current carrier s ta te  are 1 /(2 S  +  1) and 2 S /(2 S  +  1), respectively, so th a t the  first num ber 
is ju s t a spectral weight of occupied spin-up electron N QP states. At the same tim e, the density of em pty sta tes is 
m easured by the num ber of electrons w ith a given spin projection which one can add to  the  system . It is obvious 
th a t one cannot pu t any spin-up electrons in the spin-up site a t I  =  —to. Therefore the  density  of N Q P sta tes should 
vanish above E F .

It is worthwhile to  note th a t in the m ost of known HM F the gap exists for m inority-spin sta tes [2]. This is similar 
to  the  case I  >  0, so th a t the  N Q P sta tes should arise above the Fermi energy. For exceptional cases w ith the 
m ajority-spin  gap such as a double perovskite Sr2FeM oO6 [31] one should expect form ation of the  NQ P sta tes below 
the Fermi energy.

It has been proven in the  previous section th a t the presence of space inhom ogeneity (e.g., surface) does not change 
qualitatively  the spectral density picture, except sm ooth m atrix  elements. Therefore further in th is section we will 
consider, for simplicity, the  case of clean infinite crystal; all the  tem pera tu re  and energy dependences of the spectral 
density  will be basically the same for the  surface layer.

The second term  in the right-hand side of Eq. (13) describes the  renorm alization of quasiparticle energies. The 
th ird  term , which arises from the branch cu t of the  self-energy S vo (E ), describes the incoherent (non-quasiparticle) 
contribution owing to  scattering by m agnons. One can see th a t th is does not vanish in the energy region, corresponding 
to  the  “alien” spin subband w ith the opposite projection —a. F urther on we perform  for definiteness concrete 
calculations in the case I  >  0 (the case I  <  0 differs, roughly speaking, by a particle-hole transform ation). Summing 
up E q .(13) to  find the to ta l DOS N o (E ) and  neglecting the quasiparticle shift we obtain

N q(e ) =  ] T
212SNq

1 —
(tk+ql — ¿kT)2_

S(E — tkt )
kq

N .i(E )  =  21 2S J 2 (,  1 +  ^ ~ nkT S ( E - t ^ - ^ )  (32)
“  (tk+qi — ik t — Wq )2

where we consider for sim plicity only second-order p e rtu rba tion  expression. Basing on a general consideration in the 
previous section one can prove th a t, actually, this expression holds for a rb itra ry  I ,  a t least, in the  framework of 1 /2 S  
expansion.

The T 3/2-dependence of the  m agnon contribution  to  the residue of the  G reen’s function, i.e. of the  effective electron 
mass in the  lower spin subband, and an increase w ith tem pera tu re  of the incoherent ta il from the upper spin subband 
result in a strong tem pera tu re  dependence of p artia l densities of sta tes N o (E ), the  corrections being of opposite sign. 
At the same time, the tem pera tu re  shift of the band  edge for the quasiparticle sta tes is proportional to  T 5/2 ra ther 
th an  to  m agnetization [10, 29].

The exact solution in the atom ic lim it (for one conduction electron), which is valid not only in spin-wave region, 
b u t for a rb itra ry  tem peratures, reads [32]

r a ( F ] _ S + l + a ( S z ) 1 S - c { S * )  1
1 ) 2 S + 1  E  + I S  2 S + 1  E - I ( S + i y  [ )

In this case the energy levels are not tem pera tu re  dependent a t all, whereas the  residues are strongly tem peratu re  
dependent via the m agnetization.

Now we consider the  case T  =  0 for a finite band  filling. The picture of N (E ) in HM F (or degenerate ferrom agnetic 
sem iconductor) dem onstrates strong energy dependence near the Fermi level (Figs. 1,2). If we neglect m agnon 
frequencies in the denom inators of E q .(32), the p artia l density of incoherent sta tes should occur by a jum p above or 
below the Fermi energy E F for I  >  0 and I  <  0 respectively owing to  the  Fermi d istribu tion  functions. An account 
of finite m agnon frequencies wq =  D q2 (D is the spin wave stiffness constant) leads to  sm earing of these singularities, 
N ( E p )  being equal to  zero. For |E — E p  \ <C To we obtain
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N - a (E)
N a (E)

1
2S

E  — E f
3/2

(a (E  — E f )), a  =  sg n l (34)

(a  =  ±  corresponds to  the spin projections j ,  j ) .  W ith  increasing |E  — E F |, N —a /N a tends to  a constant value which 
is of order of I 2 w ithin the p e rtu rba tion  theory.

In the strong coupling lim it where |I | ^  to we have from (32)

(35)

In fact, th is expression is valid only in the framework of the 1/2S-expansion, and in the  narrow -band quantum  case we 
have to  use more exact expressions (29),(31). In num erical calculations, we follow to  Ref.30 and sm ear the resolvents,

R ( E )  -> R ( E )  = j  d ioK (uj)R (E  ±  to)

We use the semielliptic m agnon DOS K (w) which is proportional (with the corresponding shift) to  the  bare electron 
DOS, the m axim um  m agnon frequency being determ ined by the electron concentration c [30]. This approxim ation 
provides the correct behavior near the  Fermi level (cf. Ref.33), although gives an unphysical shift of the band  bo ttom  
by the m axim um  m agnon frequency.

The results of calculations are shown in Figs.3, 4. One can see th a t in the model w ith I  ^  —to (for S  = 1 / 2  this 
is equivalent to  the  H ubbard model w ith the replacem ent t k —► ik /2 , see Refs.10, 12) the  “K ondo” peaks [33] modify 
considerably the picture. Note th a t the function — (l/7r)Im R *(E), which yields DOS in the lowest-order approxim ation 
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 sim plest isotropic 
approxim ation for the m ajority-spin  electrons,

t k|  — E f  =  £k
k 2 — k 2F 

2 TO*
(36)

Provided th a t we use the rigid splitting  approxim ation t ki =  t kQ +  A (A =  2IS , I  >  0), the  half-m etallic situation  (or, 
m ore precisely, the situa tion  of degenerate ferrom agnetic sem iconductor) takes place for A  >  E F . Then qualitatively 
the equation (34) works to  accuracy of a prefactor. I t is worthwhile to  note th a t, formally speaking, the NQP 
contribution to  DOS occurs also for an “usual” m etal where A  <  E F . In the case of small A  there is a crossover 
energy (or tem perature) scale

T * =  D  (to* A / k p ) 2

which is the  m agnon energy a t the boundary  of Stoner continuum , T * 
equation (32) for the N Q P contribution  reads

(37)

~  UJ( A/ Ef )2 <  ÜJ. At IE  -  E f I <  lu the

5N4 (E) « - I n
2

1 + y / { E -  E F ) / T*

1 - V ( E -  E p )  / T*
-  y / ( E  -  E f ) / T* ^ (E  — E f  ). (38)

At |E  — E p | <C T*  th is gives the  same results as above. However, a t T*  <C \E — Ep\  <C u> th is contribution  is 
proportional to  —\ J ( E  — Ep )  /T *  and is negative (of course, the  to ta l DOS is always positive). This dem onstrates 
th a t one should be very careful when discussing the N Q P sta tes for the  system s which are not half-metallic.

The model of rigid spin splitting  used above is in fact not applicable for the  real HM F where the gap has a 
hybridization origin [1, 2]. The sim plest model for HM F is as follows: a “norm al” m etallic spectrum  for m ajority  
electrons (36) and the hybridization gap for m inority  ones,

ik | -  E F = -  ^£k +  sgn (£k ) y jQ  +  A 2^ (39)

Here we assume for sim plicity th a t the Fermi energy lies exactly  in the  middle of the  hybridization gap (otherwise one 
needs to  shift ^k ^  ^k +  Eo — E F in the last equation, Eo being the middle of the  gap). One can replace in E q .(32) 
£k+q by v kq, v k =  k /m * . F irst, we integrate over the angle between the vectors k  and q. I t is easy to  calculate

1 8

,ik + q | — ik î —

2
v f qA ^3

X 3 — (X 2 +  1)3/2 +  1 +  X (40)
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where angular brackets s tan d  for the average over the  angles of the  vector k, X  =  q /m *A . Here we do have the 
crossover w ith the  energy scale T * which can be small for small enough hybridization gap. For example, in NiMnSb 
the conduction band  w idth 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 2) is smaller th a n  0.5 eV, so th a t (A /E F )2 <  0.1.

For the case 0 <  E  — E p  <C uJ one has

^ 4 ( E ) « & ( ^ # £ ) , % )  =  ^ [ y 5 / 2 - ( i  +  y)5/2 +  i ] + y  +  y3/2 =  { y3y//  yy ^ \  (4 i)

The function b(x) is shown in Fig.5. Thus the behavior N |(E )  <x (E  — E F )3/2 takes place only for very small excitation 
energies E  — E p  <C T * , whereas in a broad interval T* <C E  — E p  <C w one has the  linear dependence N^ ( E)  oc E  — Ep .

V . T H E  T E M P E R A T U R E  D E P E N D E N C E  O F S P IN  P O L A R IZ A T IO N

Simple qualitative considerations [34], as well as direct G reen’s functions calculations [11, 35] for m agnetic semi­
conductors, dem onstrate th a t spin polarization of conduction electrons in the spin-wave region is proportional to  
m agnetization

TVt — N  i

p = w ^ tt1 = 2Po{sz} (42)
A weak ground-state depolarization 1 — P 0 occurs in the case where I  >  0. The behavior P ( T ) ~  (S z) is qualitatively 
confirmed by experim ental d a ta  on field emission from ferrom agnetic sem iconductors [36] and  tran sp o rt properties of 
half-m etallic Heusler alloys [37].

An a ttem p t was used [38] to  generalize the result (42) on the HM F case (in fact, using qualitative argum ents which 
are valid only in the atom ic limit, see E q .(33)). However, we will dem onstrate th a t the situation  for HM F is more 
com plicated.

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

, 212S N q
a  =  E t 7 -----------7----------- ^ ¿ ( E p - t ^ )  (43)

“  (tk+q| — ik t — ^ q )2

Using the parabolic electron spectrum  t k|  =  k2/2m * and averaging over the angles of the vector k  we obtain

212S m 2 ^ —\ Nq / aa\
A = ^ ^ P 2 2 t , , 2 q 2 (44)

q (q*) — q2

where p =  N |( E F , T  =  0), we have used the  condition q ^  , q* =  m * A /k F =  A /v F , where A  =  2 |I | S  is the  spin 
splitting. In the  ferrom agnetic sem iconductor we have, in agreem ent w ith the qualitative considerations presented 
above:

S  — (S z) f T \  3/2

Further on we consider the spectrum  model (36), (39) where the gap has a hybridization origin. At T  ^  T * we 
reproduce the result (45) which is actually  universal for th is tem pera tu re  region. At T* <  T  <  w we derive

16 _ N T *1/2 T
A =  £  *  ,•  £  - f  <* ^ T l n  -  (46)

This result distinguishes HM F like the Heusler alloys from ferrom agnetic sem iconductors and narrow -band sa tu ra ted  
ferrom agnets. In the narrow -band case the spin polarization follows the m agnetization up to  the Curie tem peratu re  
Tc .

For finite tem peratu res the density of N Q P sta tes a t the Fermi energy is proportional to  [11, 23, 34]

N ( E p )  oc f  duj . (47)
Jo sm h (w /T )
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Generally, for tem peratu res which are com parable w ith the Curie tem pera tu re  TC there are no essential difference 
between half-m etallic and “ord inary” ferrom agnets since the gap is filled. The corresponding sym m etry  analysis is 
perform ed in Ref. 23 for a model of conduction electrons in teracting  w ith “pseudospin” excitations in ferroelectric 
sem iconductors. The sym m etrical (w ith respect to  E F ) p a rt of N (E ) in the gap can be a ttrib u ted  to  sm earing of 
electron sta tes by electron-m agnon scattering; the  asym m etrical ( “Kondo-like” ) one is the density  of NQ P sta tes owing 
to  the Fermi d istribu tion  function. Note th a t this filling of the  gap is very im portan t for possible applications of HM F 
in spintronics: they  really have some advantages only provided th a t T  ^  TC. Since a single-particle Stoner-like theory  
leads to  much less restrictive (but unfortunately  com pletely wrong) inequality  T  ^  A, the  m any-body trea tm en t of 
the  spin-polarization problem  (inclusion of collective spin-wave excitations) is required.

V I. B IA S D E P E N D E N C E  O F T H E  T U N N E L IN G  C O N D U C T A N C E

Now we consider an application of the results obtained above to  the tunneling spectroscopy problem. The formulas 
of Sect.4 for the  energy dependence of N Q P contributions are, s tric tly  speaking, derived for the  usual one-electron 
density  of sta tes a t E F , which is observed, say, in photoem ission m easurem ents. However, the  factor of g^ (E ), which 
is present in the  expression for the  tunneling current (4), does not influence the tem pera tu re  dependence, and therefore 
these results are valid for spin polarization from tunneling conductance a t zero bias in STM.

The only difference in the N QP contributions to  g^ ( E ) and N CT (E ) is in th a t after sum m ation over the m agnon 
wavevector q  the in tegration  is perform ed over not in the the whole Fermi surface, bu t its two points (see E q .(5)). For 
a spherical Fermi surface for m ajority  electrons the results differ by the constan t factor of the  Fermi surface diam eter. 
However, the energy and tem pera tu re  dependences should be the same in a more general case.

Consider the  bias dependence of the tunneling current for zero tem perature. One can see from E q .(4) th a t

d7 CT (V )
— A rl o c g " a ( e V ) o c N <r(eV)  (48)

Again, the last p roportionality  can be stric tly  justified in the  case of a spherical Fermi surface only, bu t is qualitatively 
valid for a rb itra ry  electron spectrum .

One should keep in m ind th a t sometimes the surface of HM F is not half-metallic; in particular, th is is the case of a 
pro to type HM F, NiM nSb [39]. In such a situation , the  tunneling current for m inority  electrons is due to  the  surface 
sta tes only. However, the  N Q P sta tes can be still visible in the tunneling current via the hybridization of the bulk 
sta tes w ith the surface one. The hybridization lead to  the Fano antiresonance picture which is usually observed in 
STM investigations of the  Kondo effect a t m etallic surfaces (see, e.g., Refs. 40, 41, 42). In these cases the  tunneling 
conductance will be proportional to  a m ixture of N  (eV ) and (eV ), (E ) being the real p a rt of the on-site 
G reen’s function,

L a { E ) = V  j  d E ' ^ ^ .  (49)

(P  stands for principal value, E  is referred to  the Fermi energy). Surprisingly, in th is case the  effect of NQ P states 
on the tunneling current can be even more pronounced in com parison w ith the ideal crystal. The reason is th a t the 
analytical continuation of the jum p in N a (E ) is logarithm ; bo th  singularities are cu t a t the energy ZJ; nevertheless, 
the  energy dependence of (E ) can be pronounced, see Fig.6. This is sim ilar to  the  effect of enhancem ent of the 
N Q P contribution  to  the x-ray  absorption and emission spectra, which was predicted in Ref. 15.

Now we discuss in more detail the energy dependence for |E | <C w. The analytical continuation  of the  E 3/ 2 0(E)-  
contribution to  N CT (E ) yields the contribution  (—E )3/20 ( - E )  in (E ) which is non-zero on the o ther side w ith 
respect to  E F (a situation  th a t is formally sim ilar to  the electronic topological transition , see Ref.46). The one-sided 
linear dependence in N CT (E ) according to  E q .(41) corresponds to  E ln  |E | in (E ).

STM  m easurem ents of electron DOS give also an opportun ity  to  probe bosonic excitations in teracting w ith the 
conduction electrons. Due to  electron-phonon coupling, the  derivative dN CT (E ) /d E  and thus d2I CT (V ) /d V 2 a t eV  =  E  
have peaks a t the  energies E  =  ±w¿ corresponding to  the  peaks in the  phonon DOS. According to  our results (see, 
e.g., E q .(32), the same effect should be observable for the case of electron-m agnon in teraction. However, in the  la tte r 
case these peaks are essentially asym m etric w ith respect to  the  Fermi energy (zero bias) due to  asym m etry of the 
non-quasiparticle contributions. This asym m etry  can be used to  distinguish phonon and m agnon peaks.
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V II. C O N C L U SIO N S

In the present paper we have dem onstrated  th a t non-quasiparticle sta tes in half-m etallic ferrom angnets exist not 
only for an ideal crystal, bu t also in the  presence of an a rb itra ry  external potential. In particu lar, they  occur a t the 
surface of the  half-m etallic ferrom agnets. These sta tes can be probed by the STM  bo th  directly  and via their effect on 
the surface sta tes (the Fano antiresonance case). Therefore, they  can be observable even for the situation  of surface 
“dead layers” where the surface is not half-metallic. The expressions obtained can be used for realistic electronic 
s truc tu re  calculations of NQ P contributions to  the electron energy spectrum  of the surfaces of HMF.

T em perature dependence of the  spin polarization  a t the Fermi energy which can be also probed by the STM  follows 
the tem pera tu re  dependence of m agnetization an very low tem peratures. For the HM F w ith a hybridization gap, 
there is a crossover energy (tem perature) T * ^  TC where the character of the tem pera tu re  dependence is changed. 
The energy dependence of the  N QP contributions (and consequently the  bias dependence of the tunneling current) 
is strongly influenced by the band  s tructu re  too. In particular, for HM F w ith a hybridization gap this dem onstrates 
a linear ra th e r th an  E 3/2 behavior in a wide interval. In the narrow -band case a Kondo-like peak (Fig.4) near the 
Fermi level should be observed in tunneling experim ents.

Due to  asym m etry of N QP sta tes w ith respect to  the  Fermi energy, the m agnon peaks in d2I CT (V ) /d V 2 are also 
asym m etric w ith respect to  the zero bias, in con trast w ith the phonon ones. This gives an opportun ity  to  distinguish 
between phonon and m agnon peaks in the inelastic spectroscopy by STM.

In principle, the NQ P effects discussed should exist also in usual m etallic ferrom agnets. However, only in HM F 
they  can be picked up in a pure form.
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FIG. 1: Density of states in the s — d exchange model of a half-metallic ferromagnet with S =  1/2, ƒ =  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 E f ). 
The magnon band is also assumed semielliptic with the width of wmax =  0.02. The non-quasiparticle 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.

FIG. 2: Density of states in a half-metallic ferromagnet with I  =  —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 IS .  Non-quasiparticle states in the 
spin-up subbands (upper half of the figure) occur below the Fermi level; the short-dashed line corresponds to the mean-field 
approximation.

FIG. 3: Density of states in a half-metallic ferromagnet in the s-d model with I  ^  + to ,S  =  1/2. The Fermi energy calculated 
from the bare band bottom is 0.1 (concentration of conduction electrons is c =  0.019). The dashed line shows the function 
— (l/7r)ImR(E).
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FIG. 4: Density of states in a half-metallic ferromagnet in the s-d model with I  —»■ —oc,S  = 1/2.The Fermi energy calculated 
from the bare band bottom is 0.2 (c =  0.034). The dashed line shows the function —(l/7r)ImR*(E).

b (x)

FIG. 5: Plot of the function b(x).

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.


