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Charge and spin modulation in ferromagnetic semimetals
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We show that in ferromagnetic semimetals, in which the Ruderman-Kittel-Kasuya-Yosida indirect exchange
predominates, the magnetically ordered state is unstable against inhomogeneous fluctuations. At a temperature
slightly lower than the Curie temperature, the system enters into a state in which both the carrier density and
the magnetization are modulated. The modulation scale is fixed by the Coulomb screening of the carriers, and
can be tuned by changing the ratio of the electron and hole concentrations. At much lower temperatures a
reentrant transition into a uniformly ordered state occurs. The modulated state is strongly suppressed by an
external magnetic field. The results explain qualitatively the magnetic properties gf EuB
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Phase separation has attracted considerable attention siraea temperatur ~ = ,J,ng, which is much smaller than the
the discovery of charge and spin ordering in high- Curie temperatur@,, while the carriers become spin polar-
superconductorsThe holes gain kinetic energy when phaseized close tdT,. At temperatures, whe{t%)/S is small, and
separation into magnetically disordered hole-rich regions anthe carriers are polarized, spatial fluctuations of the carrier
magnetically ordered hole-free regions occ(sse Ref. 2 concentratior(and accordingly, of the molecular field acting
and references therginThe Coulomb interaction between on the LS lower the free energy of the LS, and the modu-
the holes presumably leads to the stripe formafidthase lated state becomes stable. The modulation wave veggor,
separation into ferromagnetic hole-rich regions and antiferis determined by the interplay between the Coulomb energy,
romagnetic hole-poor regions was considered theoreticallyvhich tends to increasg, and the gradient energy,which
and observed experimentally in other doped Mott insulatorseduces it. .
like the manganites revealing the colossal magnetoresistance The magnetic phase diagram of a FSM, witfe>ng is
effect3 shown in Fig. 1. Part of the results for this case were reported

In this paper we show that modulation of the carrier denpreV'OUSMZ_ , ,
sity and of the magnetic correlations should take place also 1he Hamiltonian of thes-f model is
in a very simple system with weak Coulomb interactions—a
semimetal with localized spind.S), which order ferromag- H=, ekacl(rack(,a—ZZ JaSi-Sat+He, 1)
netically due to the Ruderman-Kittel-Kasuya-Yosida kao la

(RKKY) indirect coupling. The ferromagnetic correlations wherec;_ . (Cu,s) is the creatior(annihilation operator for
are enhanced in the carrier rich regions and suppressed in tgecarrieroof typea with spin o e§=h2k2/2m is the electron
) a

carrier poor ones. As in the cuprates, the Coulomb interacy,, e inetic energy,S is the spin, localized at the lattice
tion is crucial in fixing the scale of the modulation. However,

unlike the above examples, the ground state of the ferroma¢ 5
netic semimetal(FSM) is uniform, and the modulated phase
exists only at finite temperatures.

An example of a FSM is europium hexaboride, BB 20
This is a semimetal with electron and hole concentration pe
localized spinn,, of order of 10 3—10"2.4° The Eu spins
(S=7/2) order ferromagnetically at the Curie temperature, ;s
T.~15 K due to the RKKY indirect exchandeThe mag- =
netic moment increases anomalously slowly with the de :w
crease of the temperaturd, approaching the saturation F,
value only afT~4 K.” Another magnetic transition was ob-
served afT;~12 K,* and a third one might have been ob-
served aff,~4 K.*8We show that all these properties are
explained qualitatively by our theofyThe theory is appli-
cable also to diluted magnetic semiconductors with carrie
induced ferromagnetic exchange, which became a popule
issue recently®

The modulated phase exists only in FSM with a small
Fermi energyer, ez<J,S, whereJ, is thes-f (s-d) cou- FIG. 1. Phase diagram of a FSM wittf>n0},J,=0.1 eV, S
pling constant, and=e (a=h) for the electrongholes. In =35, andm,=0.3. The dashedT,;) and dashed-dottedT{,,)
this case, as shown below, the mean vgl&%, approacheS lines enclose the modulated phase region.
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sitei, s, is the electror(hole) spin, andH  is the Coulomb  The FEF of a slightly inhomogeneous nonpolarized electron
interaction between the particles. We assume in what followgas was derived by Hohenberg and Kbhto the lowest
that both couplingsl. andJ,, are positive. We also assume order in the gradient expansion. For polarized electrons and
weaks-f coupling,J,S<W, whereW is of order of the band holes the FEF can be written as
width, thus excluding the double-exchange magnets.

In a homogeneous system this Hamiltonian transforms, in

the molecular field approximation, into Fealdn(r)]=2 Fa[n(n)]+Fedn(r)], (8
a
H=k2 €karChoaChoa— 2 NS (2)  where
ao |
Here €§,=ep— oA /2, A,=2,(S)=2,b(h/T), b(x) is Na(r)Ng(r’ )
the Brillouin function: Faln(n]=5_ sz -
r=r’|
bix)= | S+ tt‘( 1 thz 3 €F
X) = co x——co N f Vro(r)2dr
3 3ok [Vna(r)]

h=3.J.(nf—n?), nf(nf) is the number of carriers with
spin up(down) per a localized spin, and+n?=ng. Here FTJ (n%3(r)—nSSdr, 9)
and below we neglect the exchange and correlation effects n2
coming fromH;.
Expandingb(h/T) and nf—n? in powers ofA, i.e., in  and
powers of(S?), we obtain the Curie temperature

e [ Ne(rmp(r’)

S(S+1) For=— —>» | —————drdr’. 10

To= S BN, @ o2 Ty 10
where\, is the carrier density of states/;(e2)=3n3/2e2, Heree is the electron charge; is the dielectric constant,
the Fermi energy & is €2=h%k2,/2m,, Kgq =(6m°ny/Q)* is the Fermi wave vector,ef,
=(372n3/Q)¥ and Q is the unit cell volume. At lower —ﬁzk F1/2m, andV is the sample volume. ~
temperatures, whenr,=(T.—T)/T. is about 0.05,A, Expanding the FEF up to the second ordenjgr) and
reache&F, and the carriers become polarized. Then one hataking into account Eq5), we get
nl<nT~n0, and h=hy=%,3.,n5. We have hy/T,
~€2/J,S*<1. Hence, unlike usual ferromagnet§?) satu- ~e ~h ~ !
rates toS not at 7,~1, but at the much lower temperature F[ng,ngl= 2 Ag* ngnZy. (11)

T%ho. qaa
We show now that when the carriers are polarized, whil
(S%)/Sis small, the carrier concentration and the magnetiza-

tion become unstable against spatial fluctuations.
Consider the free energy function®EP), F[n(r)], of a 1
system of localized spins interacting with a spin polarized, Aéa—

eren; is the Fourier transform afi,(r), with n3_,=0,

NG (ho/T) g2 Kf,

slightly inhomogeneous gas of electrons and holes. The elec- ZN? T 12(k¢ T)Z 9’
tron (hole) density has the formm,(r)=ni+ na(r), with
n,(r)/nd<1, and Aeh_ ahe_ _ Jedn ,<@) _ 2me? (12
4 4 2T q’eQ’
J Na(r)dr=0. (3 whereb’(x)=db/dx, the density of states of the polarized
_ carriers isN=3n3/2ef, , and k5= 47e?N /e is the in-
F[n(r)] can be written as verse screening length for tleecarriers.

The minimization conditionsSF/nS=0 and 6F/sn!!
FIn(n)]=Fmln(n]+Feadn(r)], ©) =0, yield a set of two homogeneousqequations, whoge de-

whereF,[n(r)] is the FEF of the LS system in the carrier terminant should be set to zero at the transition point

induced molecular fieldh(r)=2,Jn4(r), and F.,[n(r)]

is the FEF of the polarized carriers. We have AZAG"— AZANe=0. (13

F [n(r)]z—Tf dr sint (25+1)h(r)/2T] (7 This gives the equation which govers the transition tem-
m " sinth(r)/2T] perature and the modulation scale
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To simplify things we treat first a FSM, in which one type of

carriers predominates, say>nj. This condition can be

met in EuB;, where the concentration of carriers and the

ratio nS/nl) depend strongly on the quality of the sampfe.
The condition,ef<J,S, crucial for this theory, can be met
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largest in the vicinity ofg=q,. At T=T,, a reentrant tran-
sition into a uniform magnetically ordered state takes place.

Solving numerically Eq(17) one finds that the concentra-
tion n. can be approximated as

Jo(S+ 0.094;}3’2

We, (18

nC=O.4ZE{
where WeT:fET/”SieS is of order of the conduction band
width. Calculatingef; at ng=n., we conclude that the
modulated phase exists if the inequalﬂ@T<0.5]eS holds.
In the general case, when there are both electrons and
holes, the solution of Eq(14) gives the modulation wave
vector

Jok NY2— 3 ke N2 K
d5=23KE Kt | = :Aﬁle i 2t (k_)
(NEIKE2 1 AP I2KE) g

also in strongly doped magnetic semiconductors, withwhile the transition temperature follows from the equation

ne(np) =0.1° We obtain then from Eq(14) or directly from
Egs.(11) and(12), with ng=0

PNC [Jng| K2 2\2
1+ f;;e - eTTb'( ‘9T°)+q—§(1—%) =0, (15
F1 0

with

95=2/3KE ke<(2kE)>. (16)

i|N$Je—N?Jh|(J§K§ Jﬁkﬁ)l’z
V3 BNS+INT kG K2
1 h K2
_ T areq2 h12ypr| 0 ~
_T(/\/TJQJFNTJh)b —|+0 & (20)

At a given concentration of the electrons and the holes, Eq.
(20), like Eq. (17), has two solutionsT ,;>T,,. For small

We see that at a temperature, which satisfies the equation concentrationsng<n., the temperaturé, is related to

Ke JéN? ,<Jen8)_0

1+ - (17
\/§kem T T

T., Eq. (4), as Ty ~T/2?"® while T, is much smaller.
Note thatqg, Eq.(19), depends on the ratimg/ng and can be
tuned by doping. WheW?JezN?Jh, the screening of the
fluctuations of the electron-hole plasma is noneffectiygeis

the system undergoes a phase transition into a modulatemtro, and the magnetization and the carrier density are ho-

state with a modulation wave vectqe=qo.
The inequality in Eq(16), which guarantees the validity

mogeneous at all temperatures. With parameters appropriate
to EuB;, o is of order of 5x10° cm™1.

of the gradient expansion, follows from the assumption that The same results can be obtained in a different way, con-
the Coulomb interaction is weak, and hence the screeningidering the longitudinal correlation functio,Aq), of the

range is large, i.ex<kg; .

Equation(17) has two solutionsT ;> T,, atng smaller
than a critical concentratiom,., [see Eq(18)] and there are
no solutions ang>n.. The phase diagram of a FSM, with

localized spins, the exchange being mediated by the
carrierst? Near the paramagnet-ferromagnet transition, when
the carriers are unpolarized, this is equivalent to the RKKY
indirect exchange, and leads to B¢) for T.. At lower

né>nll is shown in Fig. 1. The parameters used for solvingt€mperatures, the carriers are polarized, the Coulomb inter-

Eq. (17), are appropriate to EuBWith n§~103* andm,

~0.3° we haveef~0.055 eV. GiveriT,~15 K,* we esti-
mate from Eq.(4) (at nj=0) J.S~0.35 eV. As follows
from Eq.(4), T, is proportional tmcl)f, andJSat givenT, is
proportional ton, %, i.e., the above estimate 8£S depends
onn§ in a very subtle way. The small terry//3kg; in Eq.

(17) was neglected.

Upon lowering the temperature, the FMS, wit§<n,,

action affects strongly the carrier susceptibilty? and
K,A0o), with gy given by Eq.(19), diverges afl governed
by Eg. (20).

The next order terms in the expansion of the FEF, Efs.
and (8), are cubic inng and one arrives at a FEF, which
describes a first order liquid-solid-like transition into a peri-
odic structure, with the magnitude of the reciprocal lattice
vectors close t@),.1* Reasoning, analogous to that in Ref. 14
shows that the transition into the modulated state is nearly

undergoes three successive phase transitions. The magneticond order.

moment appears di=T., the thermodynamic fluctuations

An external magnetic fieldil, which aligns the LS, sup-

being strong down to the much I_ower temperature of orde_r Opresses strongly the modulated phase. With the fielthe
Tm2- At T=Ty,; the FMS enters into a modulated state, withfunction h(r) in Eqg. (7) should be replaced byn(r)
a nonuniform distribution of the carrier density and of the + g, .H. A small field,gugH<T,, destroys the modulated

magnetic correlations, the Fourier componé?r@sbeing the

state, if it exceed$(r)~hg, since in this casd-,[n(r)]
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4 - T T - - - Our results account qualitatively for most of the peculiar
magnetic properties of EyBThe broad specific heat maxi-
mum betweenT, and 3 K}®®as well as the anomalously
sluggish increase of the magnetization in this temperature
regior’ agree with our conclusion that in FSM strong mag-
netic fluctuations survive till a temperature of orderTof,,
much smaller thai .. Our theory explains naturally the se-
quence of transition temperatures observed in Euf!°
The magnetic order sets in at the highest transition tempera-
ture, 15-16 K, accompanying byxaanomaly in the specific
heat. The second transitig@—12 K) and the third oné4 K)
correspond tol,; and T,. In agreement with the above
theory, the zero-field anomaly in the the specific heat at the
second transition temperature is completely destroyed in an
. - - = - : - - external field of 2 T It was shown in Ref. 6 thaT, in-

H(T) creases monotonically with the increase of the carrier con-
centration, whil€eT ,; saturates at high concentrations. This is
also in agreement with our theofgee Fig. 1

It was stated in a recent papethat the bulk ferromag-
netic transition occurs at 12.5 K, while metalization via over-
almost does not depend aifr). At a givenH the modulated  |ap of magnetic polarons happens at the first transition at
phase is always suppressednff is smaller than a critical 155 K. More experiments are needed to elucidate this prob-
concentrationn.,(H). Like in the zero-field case, this phase |em.
disappears also whenf is larger than a critical concentra- In conclusion, we showed that in a FSM, wigh<JS, a
tion, ne;(H). Hence, the modulated state exists only in amodulated state is stable in a finite temperature redign
restricted region[ncy(H),nci(H)], with n;(0)=0, and <1< _ <T.. The modulation scale is fixed by the Cou-
Ne1(0)=n;. Figure 2 shows the field dependence of thejgmpy interaction of the charge fluctuations. The modulated
critical concentrationsic; andn, for the same parameters phase region shrinks in an external magnetic field, and dis-
as in Fig. 1. The modulated state in this case disappears ghnears in relatively small fields. The theoretical results ex-

the critical f|eIng= 1.2 T.At f|¢!ds smaller thahkl. and in plain qualitatively the main magnetic properties of EuB
the rangen,,<ny<n¢;, the critical temperaturd,,; de-

FIG. 2. Critical concentrations as a function of the magnetic
field of a FSM withné>nf, J,.=0.1 eV, S=3.5, andm,=0.3.

creases with increasing of the field, whilg, increases, i.e., | acknowledge discussions with A. Aharony and O. Entin-
the modulated phase region on th&,1f) phase diagram Wohlman. This work was supported by the KAMEA Foun-
shrinks in both directions. dation and by the German-Israeli Foundation.
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