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Itinerant-electron theory of metamagnetism
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Itinerant-electron theory of metamagnetism taking into account the effect of spin fluctuations is proposed on
the Hubbard model within the static approximation in the functional integral formalism. It is possible to treat
the metamagnetism of the system with large amplitudes of the moment and spin fluctuation. Effects of spin
fluctuations and Stoner excitations on the temperature-dependence of paramagnetic susceptibility and the
metamagnetic transition under external magnetic field are investigated numerically on a simpldeteadel
tronic) density of states. It is shown that both effects are quantitatively important in metamagnetism.
[S0163-18297)00138-0

Today, the generation of ultrahigh magnetic fields over Previously, one of authors presented a method that takes
100 T in a laboratory has become practical and they havaccount of the spin-fluctuation effect on itinerant-electron
been revealing interesting magnetic properties of material§erromagnets in the functional-integral formalism and in the
Particularly, the itinerant-electron metamagnetic transitionGaussian approximatidh’ It corresponds to the improved
(MT) induced by an external magnetic field éhelectron theory of Hertz and Klenifi. In this work, the Hubbard
systems is one of the most interesting phenomena and it h&80del is used as before and we will apply this method to the
been investigated both from the theoretical and experimentd'€tamagnetism within the static approximation. When the

points of view. Experimentally, it is well known that a typi- static approximation is applied to previous restlahtained

cal metamagnetic transition is observed in various Co-base@Sults are summarized as follows. Transverse and longitudi-

Laves phase compounds such as Y@od LuCg.*? More- nal susceptibilities are
over, these materials are strongly exchange-enhanced para-

magnets and show a broad maximum in the temperature de- X—+(q)= Xﬂ;(q) 1)
pendence of paramagnetic susceptibilty at room 1-Ux-+(a)

temperature. Theoretically, Wohlfarth and Rhodémve N

pointed out on the phenomenological Landau theory that the xAq)= Lf‘) 2)
MT occurs if there exists a maximum in the paramagnetic 1-Ux(a)

susceptibility. Shimizfihas obtained a condition for the ap- and

pearance of the MT. However, Landau expansion coeffi-

cients estimated on the Stoner model are weakly dependent 1/(6n)\? 7,\2

on temperature. So, it seems that their theories do not well x—+(Q)= §< (—) Xoz(q) + 1+(— }Xo—+(Q)> ,
describe the finite temperature behavior of the metamagnetic g ‘”7(3)

materials.

Recently, Yamadahas developed the itinerant-electron 2 5
metamagnetism at finite temperature, by taking into account X2(q) = < (ﬂ) XOZ(q)JF(ﬂ
the effect of spin fluctuations on the phenomenological 7 Y
Landau-Ginzburg theory. He has shown that the paramag- 5 2 2 2 2

. L s . .. = —+ = —+ + =
netic susceptibility always shows a maximum in its temperag-b\’here 7 =0y, =Nt et 87, and dni=

) +6n;. 57=(8nx, 81y ,87,) is a fluctuatiing fieldh, is an
ture dependence when the MT from the paramagnetic to thexternal magnetic field, angl, is a constant field induced by

ferromagnetic state is induced by the external magnetic flelgr Yo +(a) andxo,(q) in Egs.(3) and(4), which are trans-

2

Xo+(Q)> 4

on

at low temperature. And he has obtained a condition amon 0 L ; .
the Landau coefficients for the appearance of the first-orde erse and Ionglltudlnal suscgptlbllltles of noninteracting sys-
under the field, are defined as

transition in the temperature dependence of the spontaneoEFsm

magnetization. These results are worthy in explaining the f(e ) —f(e,)

universal properties that are observed in the magnetic mate- Xow(CI)=2 ktqo kp ’ (5)

rials showing the MT. However, there are some restrictions 3 Eku ™ Ek+qo

in the application of his phenomenological method to the

realistic system. First, the Landau-Ginzburg free-energy 2x0++(d) xo-—-(q)

functional is expanded in the powers of the sixth order of the Xo( Q)= ' (6)
Y ) X o ) Xo++(Q)+xo0--(Q)

magnetization density. So, his model is inadequate in the

case of large amplitudes of the magnetization density. Seswhereo, u=+ or —, f(ero)={1+exdBlex,— )]} L and

ond, the estimation of the Landau expansion coefficients osy,=ex—o». Averages (---)s5, in Egs. (3) and

the band calculation is not so easy. (4 are defined as (A(67)) sy
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=7 d(6m) [od(5m) Smp(Sm)A(S7) and the Gaussian distri-
bution functionp(d7) for fluctuating fieldds is given as

1
p(én)= WGXP{—[(57It/Uz)2+(57lz/<Tz)2]/2}-

(7)
The variances op(d7n) are
U2

7i=35 % X-+(a), 8)
U2

7i=35 % X0), 9)

where x_, (q) and y,(q) are given in Egs(1) and (2).
Moreover, we must add to Eq&l)—(9) the condition for the
determination of the Fermi energ§ as No=(={f (&)
+f(ex-)}) sy, WhereN, the electron number.

Whenh,=0 and sony,=0 in the paramagnetic state, the
system becomes isotropic. Therefore, we g,”eg(q)
=Xx_+(a)=x,(q) from Egs.(3) and(4) as

Xp(@)= 3 (2x0- +(A) + X0(A)) 5, - (10

Then, we havey,(q)=x- - (q)=x,(q) ando;=0{=07 in

Egs.(1), (2), (8), and(9). The paramagnetic susceptibility is

obtained by solving self-consistently these simplified equa

tions.

When the amplitude of fluctuations is small, the uniform
paramagnetic susceptibility can be expanded in a Taylor

A A,

series in powers of in Egs. (1), (3), and(10) as
_+_ - 2 4
A 3 Tp +O(0'p),

1
A—o‘“)
(11

whereA,,= [d"D(&)/de"[ — df (e)/de]de, D(e) is the den-
sity of states(DOS) and f(e), the Fermi distribution func-
tion. The first term in Eq(11) is the inverse paramagnetic

o)
Xp(0) 2A2
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FIG. 1. (a) Inset, the electronic density of stat{@0$S) curve for
Dy=0.96 and\ =0.25 inD(e)=Dy+\&?. (b) The paramagnetic
susceptibility as a function of the temperature fdg=1.0, U
=1.0, andN4=0.22. The solid curvél) and the broken curvé2)
are, respectively, the results fi;=0.22 andNg=0.0. The dotted
curve (3) is the result neglecting the Stoner excitation Mdg;
=0.22.

inconvenient first-order transition occurs when we use the
Gaussian approximation in the functional-integral formalism.
So, in order to avoid these defects we have proposed another
method making use of the rotational symmetry of the system
for the determination of the spontaneous magnetization.
On the same consideration, we introduce the equation of de-
termination of the magnetic moment under the external mag-

netic fieldh, as follows:

S

h,= n{1-Ux-.(0)}, (13

wherey__.(0) is given by putting ag=0 in Eq.(3) and the
magnetic momentM,(#5) is obtained from M,(7g)

=(M (%) 7,/ 1) 5, andM (77) = Z\{f(e+) — f(ex-)}. When
h, is zero, Egs.(12) and (13) become, respectivelyyn,

susceptibility on the Hartree-Fock approximation and so=(U/2)M(70) andUx_,(0)=1 as the equations of deter-

1/Ag—U>0. Higher-order term® (o) will increase with a

mination of the spontaneous magnetization in the ferromag-

rise in temperature. A necessary condition for metamagnetiBetic state. If neglecting fluctuations, both equations become

transion is given b)Af/AO—AZ /3<0 on the Stoner theot.
Then, because fo,ocT (T is the temperatusdrom Eqgs.(8)

h,= 55 —(U/2)M(7§), which coincides with the result of
the Hartree-Fock approximation. Although there are few

and(9), Eq. (11) decreases with a rise in temperature at lowlittle numerical differences between E¢$2) and(13) in the

temperature and so the paramagnetic susceptililif®) has

paramagnetic state in comparison with the ferromagnetic

a maximum in the temperature dependence. This is the saniate, we employ E¢13). Thus, we can get the magnetiza-

result as the one shown by Yamatane have A,
~[d?D(e)/de?],_, at low temperature. Therefore, as well

known, we expect the metamagnetism in the system wit

DOS curve of a positive curvature,
[d?D(e)/de?],- >0, at Fermi energy.
On the other hand, wheh,#0, the magnetic moment

namely,

tion under external magnetic field by calculating self-
consistently Eqs(1)—(9).

h Now, the evaluation of the integral by the wave veafor

in Egs.(8) and(9) is generally difficult. So, following Hertz
and Klenif we assume thg dependence of susceptibilities
in the summation of the Eqgs(8) and (9) as yx_.(q)

under the magnetic field is usually determined by the condi=~ X-+(01{1—(a/dc)?} and x,(q) =X-(0){1~(a/qc)?} for

tion of thermodynamic equilibrium, namely, by minimizing
the free energy. It gives
h,= 7§ — (UM 75),

where 75 = 7o+ h;, M(175)=(M (%) 7./ 7)5,, andM(z)
=3 {f(exs)—f(ex_)}. However, it is well known that an

(12

g=q. and xy_ . (9)=x,(q)=0 for g=q.. Here,q. is the
cutoff wave number and it is related to the freedom of spin
fluctuations per atom dsdg=a%q>/(67%) andNg< 1, where
the a3 is the atomic volume. The, or N is one of the
important parameters in our work. Under this approximation
the evaluation of the integral by the wave vectpin the
Egs. (8) and (9) are carried out analytically. After all, we
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FIG. 2. The moment as a function of the external magnetic field |G 3. The moment as a function of the external magnetic field
for the temperatur& =0.01. The three kinds of curves correspond for T=0,03. Three kind of curves correspond to the ones in Fig. 1.

to the ones in Fig. 1.

=0.01 and 0.03. They show the clear MT. Three kinds of
need the Coulomb integrél, the DOS, the electron number curves correspond, respectively, to the ones in Fig. 1. It is
Ne, and the freedom of spin fluctuatiohs; in our numeri-  noted that solid curves and dotted curves are broken off half-
cal calculation. way along the curves. It is because these regions are thermo-

As an example, in order to investigate our method, wedynamically unstable, wheret2<0 and a§<0 in Eq. (7),

will show calculated results for a simple model DQ3e) and so Egs(1)—(9) and(13) do not have self-consistent so-
=Dy+\e?, which is shown in Fig. (a). We expect meta- |utions. From the calculated results it is found that the tem-
magnetic behaviors of the system wher 0. In the follow-  perature of the susceptibility-maximum is shifted to low tem-
ing calculation, temperature, magnetic field, susceptibilitiesperature and the MT becomes gradual with a rise in
the DOS, andJ are normalized by the bandwidth and sotemperature due to effects of spin fluctuations as compared
they are dimensionless. Figurébl denotes calculated re- to Hartree-Fock approximation. At the same time, it should
sults of the temperature dependence of paramagnetic suscdge stressed that both effects of Stoner excitation and spin
tibilities whenN,=1.0 per atomJ=1.0, D4=0.96, andx fluctuations are equally important in temperature dependence
=0.25, and each results show a maximum in the temperaturef the paramagnetic susceptibility and in metamagnetic tran-
dependence. The solid curve and the broken curve give, resition of the magnetization process.
spectively, the result foNg=0.22 and the one for Hartree- In conclusion, it was found that our method can describe
Fock approximationN4=0). In a dotted curve, in order to the overall behavior of metamagnetism for an arbitary am-
investigate only the effect of spin fluctuations, Stoner exci-plitude of the magnetization with the knowledge of the DOS.
tation is neglected and so the Fermi distribution function isThis method was also used to investigate the contributions of
treated as a step function in EdS) and(6). This case cor- the Stoner excitation and spin fluctuations by choosing val-
responds to neglecting the temperature dependence of Lanes of the Coulomb integr&) and the freedom of spin fluc-
dau expansion coefficients in Yamada’s worka a solid  tuationsN using experimental results. The extension of our
curve both effects of Stoner excitation and spin fluctuationgheory to multiple band systems and the comparison with
are considered. Figures 2 and 3 give calculated results of thexperimental results of realistic itinerant metamagnetic sys-
magnetization under external magnetic field for the sameéems, for example, Co-based Laves phase compounds such
values of parameters as above when the temperafure as YCg and LuCag, will be carried out in future work.
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