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Electronic structure and magnetic properties of Y-Fe compounds
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A low concentration of rare earth&] plays an important role in magnetic materials because of their large
anisotropy. However, the Curie temperatufie:Y has a decreasing trend with increasing Fe concentration in
R-Fe compounds. In order to understand the variatiom©fs a function of iron concentration we carry out
self-consistent spin-polarized electronic structure calculations for the sequenge:YFe;—Y ,Fe,,—YFe,,
where yttrium is a prototyp® element. The exchange interaction parameters are derived using the infinitesi-
mal angle approach. The Monte Carlo simulations based on the Heisenberg Hamiltonian are carried out to
derive T of Y-Fe compounds and results are in very good agreement with experimental data. The changes in
the magnetic properties with Fe concentration are analyzed in terms of the local environment and magneto-
volume effects[S0163-18208)01014-3

[. INTRODUCTION and spin-down densities of statd30S) and magnetic mo-
ments for Y-Fe compounds. The Heisenberg Hamiltonian is
Rare-earth-iron(R-Fe) compounds have Curie tempera- used to express exchange interactions as follows:
tures (T¢) considerably lower than that of the bcc Fe and the
T tends to decrease as the Fe concentration increases in
these compoundsThe aim of this paper is to study this
somewhat unusual behavior Gfc due to the structural . i )
changes with the increase in the Fe content. Analysis of th@here Jj; is the exchange-interaction parameter between
exchange interactions in crystalline bce and fcc iron showsitesi andj andé; is the unit vector in the spin direction at
that they are long range in natufeThe effect of remote Sitei. A method to calculatd;;, based on the local approxi-
shells is especially strong in the fcc phase. This close-packe@ation to spin-density functional theory, has been developed
phase also has a strong magnetovolume effect. A simildpy Liechtensteiret al” (A comprehensive review of differ-
behavior is expected for the iron-ricR-Fe compounds €nt approachleos to this problem has been provided by
where the presence & drives these systems to more close- Gubanovet al.™.) The change in the energy due to the rota-
packed structures. Recently we carried out first-princiles ~ fion of one spin or two spins from the ground-state collinear
calculations in one of these compounds with results in very" all magnetic moments can be put in an analytic form using
good agreement with the experimental dafBhis work is the mu_ltlple-sc_:'c_lttermg formalism. Using sphgn_cal charg_e
extended here to study the trendsTig for the sequence and spin densities and a local force theorem it is shown in
YFe,—YFe;—Y, Fe—YFep, where Y is a prototyp®. Ref. 9 that
Electronic structure and magnetic propertiesich as
magnetization, distribution of local magnetic moments and J,:i E Im f
. . L ij

magnetocrystalline anisotropgf rare-earth—transition-metal Am T
compounds were studied from first principles in the local- 2
density approximations during the last decAdeThese ijo . . o
studies show that this procedure works well for ground-stat&'€"® Tiy: 1S the scattering path operator in the siigj |
properties ofR-Fe compounds. Coehodrmave elaborate representation for different spin projections<1,1), and
analysis of the crystal and electronic structure of Y-Fe comAi(e) =tj;"—t;, " is the difference of the inverse single-site
pounds. In this paper, self-consistent spin-polarized elecScattering matrices.
tronic structure calculations are performed for Y-Fe com- The total exchange interaction of the given site O with all
pounds(where Y is a prototyp®). The exchange interaction the other sites,
parameters in the Heisenberg model are calculated using in-

Heo—— > 366, 1)
ij

"deaj(e) T (e)AL ()T (5).

finitesimal rotation approach. Monte Carlo simulations based Jo= 2 I 3
. .. . . . 0™, 0i 1 ( )
on the Heisenberg model and finite-size scaling are carried i#0
out to calculate the Curie temperature in these complex ma-
terials. can also be calculated from the relaflon
1 eF
Il. COMPUTATIONAL PROCEDURE Jo=— 7~ > Im f de{AP(e)[ T (e) — T ()]
LL' -®
The self-consistent spin-polarized linear muffin-tin orbit- 0 001 0 00,
als (LMTO) method is used to calculate the local spin-up HAN ()T (8)A) ()T [ (8)}- (4)
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TABLE I. Number ofk points in the irreducible wedge of the 2.4 . .
Brillouin zone, Fe Wigner-Seitz radiRys), and supercell sizéhe i
number of sitesin Monte Carlo calculations for Y-Fe compounds. L a-Fed
E
YFe, YFe; Y, Fe;  YFep 2 Lol
=}
Number ofk points 176 288 288 163 =
Rws 2.623 2.641 2.641 2.668 £ r
1000 1125 2125 2592 bt
o YFe a
Supercell 2744 3087 5831 6144 £ 16 g""""YFe, \ E
Sizes () 8000 9000 8704 12000 S ekt
10 648 11979 B —@ Calc.
12 1 | L
0.8 1.0

The procedure to calculate’’, in the LMTO formalism has

been developed by Gunnarssenal 1! Following Coehoorh

we set the ratio between the Wigner-Seitz radii of yttrium  FIG. 1. Magnetization as a function of the Fe concentration. The

and iron equal to 1.35. The numberlopoints used and the experimental data are from Ref. 7.

Wigner-Seitz radii of Fe atoms in various compounds are

listed in Table I. Integration is performed in the complex To(N) plotted as a function ol =" is a straight line with

plane over the elliptical contour using Gaussian quadraturghe intercept as th&. for the infinite size of the cell.

procedure. The exchange parameters were calculated for all

neighbors inside the 5.5 A distance around a given site. A

larger cutoff distance is beyond our present computational Il RESULTS AND DISCUSSION

power due to the dramatic increase in the number of neigh- The changes in the magnetic properties of Y-Fe com-

bors. _ o , , pounds as a function of the Fe concentration depend on the
The Heisenberg HamiltoniafEq. (1)] is used in the  chemijcal composition and the crystal structure. Crystallo-

Monte Carlo simulations fof ;. calculations. The Metropolis graphic data for Y-Fe compounds can be foundP@arson’s

algorithm'? is employed to find the thermodynamic averagesyandbook* and they are summarized by Coehodrfihe

of M" for n=1-4 as a function of temperature for the cell gistripution of local magnetic moments is presented in Table

sizes listed in Table I, wheré is the magnetization. ThBc || The dependence of magnetization on the iron concentra-
for each cell is calculated from the location of the extrema ofjon js presented in Fig. 1. Our results are similar to those of

the thermodynamic quantities such as susceptibility anggenhoorr

third- and fourth-order cumulants, following a procedure e first consider briefly the effect of the Y atoms on the

proposed by Cheat al.** The extremum values as a function glectronic structure and magnetization of Y-Fe compounds.

of the cell sizeN follows the scaling law: Due to the size difference between the Y and Fe atoms the

13 former has a large number of neighborsZ0). As a result,

Te(N)~Te+agN >, ®) the individual hy%ridization of a Y-gFe pair:{is)not very strong

where a, is a thermodynamic quantity-dependent constanbecause Y has to “share” its valence electrons with all Fe

and v is a critical exponent. For the correct value af and Y neighbors. However, the Y-Fe hybridization causes

Fe concentration

TABLE Il. Numbers of first neighborsnf), Voronoi polyhedron volumes\), exchange parameters
(Jo), magnetic momentsM;) of Fe atoms and Curie temperatures of yttrium-iron compounds.

m (all/Fe) \% Jg (meV) M, (ug) Tc (calc) (K)  Te(expt)(K)

YFe, 1Fed) 12/6 12.21 108109 1.89 650 570
YFe, 1Fe®) 12/6 13.64  12(96) 1.73 592 580
2Fe() 12/9 13.95 13@16 2.10
6Feth) 12/7 13.83 902 1.77
Y.,Fe;  2Fe) 14/13 14.02 7®7) 251 262 300
3Fe(d) 12/10 12.67  6®4) 1.50
6Fe(f ) 12/10 13.47 3017 2.10
6Feth) 12/9 13.78 1132 2.10
YFe;, 4Fe() 12/10 11.21 7079 1.55 486 ~500°
4Fe() 14/13 12.60 12801 2.33
4Fe(f ) 12/10 11.86 461 2.09

3Reference 15.

bReference 16.

°An extrapolated value of - from Ref. 17 for the hypothetical structure Ye
drirst and second number are obtained from Edsand (3), respectively.
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the deviation from the rigid band behavior of Fe states bepresence of three Y atoms in the second shell ofdisite
cause Y atoms, being nonmagnetic, have different hybridizaalso decreases its momentandd sites also have the least
tion with minority and majority spins. Since the Y states uniform local environment from the point of view of spatial
hybridize more with the minority states, they develop smallposition of the neighbors and interatomic distances. The
magnetic moments, opposite to those of the Fe atoms. Faite has one neighbor at a very short distance, whilel thige
nally, the Y atom tends to lower the magnetic moment of ahas quite a variation of distances which makes this site less
neighboring Fe atoms through this hybridization. similar to the close-packed environment among all the sites.

The rest of this section deals with the analysis of theThe DOS(Fig. 4) of site ¢ has the narrowest peaks, while
magnetic properties and exchange interactions in terms afther sites have broader peaks. We also see the rigid-band-
the local environment of iron atoms in these compounds. Taype shift of the majority states to the higher energy from the
characterize the structure from the standpoint of local envie to d site withf andh sites having intermediate positions of
ronment one can employ parameters describing the locddOS peaks.
symmetry of the atomic configuration such as voluesnd Y in YFe;, can be imagined as an impurity in the Fe host
the number of facesf() of Voronoi polyhedra(VP). The (7.6 at. %. However, the Y atom changes considerably the
magnetovolume effect is qualitatively reflected in the VPenvironment of Fe atoms due to its large sikeand| sites
volumes of different Fe sites in a given compound. Thehave ten iron first neighbors and two Y atoms in the second
quantity f gives the number of first neighbors which deter- shell (somewhat similar to the fcc structyreThe i site is
mine the strength of the hybridization. Fe atoms in Y-Fecompletely different: it has a very closesite, and the rest of
compounds have 12-14 first neighbéttse neighbors which the first neighbors split into two subshells of eight and four
give rise to the faces of the Voronoi polyhedyas can be iron atoms(Table Ill). This site also has three 4- and 6-edge
seen from Table II. But the number of Fe first neighbors andaces making it closer to the bcc Fe phase. The difference in
the Fe-Fe interatomic distances among them vary considethe local environment is reflected in the D@9g. 5 and the
ably. (Tables Il and I1). magnitudes of the magnetic moments.

In YFe, compound(Laves phaseeach Fe atom has six The change in the number of first-neighbor iron atoms
nearest-neighbor Fe atoms. Iron sublattice forms a networkffects considerably the magnetic properties of these com-
of connected tetrahedra. Six Y atoms form a secondpounds. For a low first-neighbor compoutid-e, and YFe
neighbor shell(with bond length~1.15 of Fe-Fe nearest- with 6—8 neighborsthe DOS is narrower and peaks are
neighbor bond lengdrand 12 iron atoms are in the third shell sharper than a high first-neighbor compound and the Fermi
of neighbors at a distance which would correspond to thesnergy E¢) is not located next to any major peak in DOS.
third neighbors in fcc iror{fcc iron has 48 third neighbors  Therefore, like bce Fe, such a system is not expected to show
Thus, each iron atom has fewer neighbors than close-packethy appreciable magnetovolume effect. On the other hand, a
structures and the second shell is formed by nonmagneticigh first-neighbor compound (;Fe ;) has the Fermi energy
atoms. As a result, Fe density of sta{€$S) in YFe, (Fig.  on the sharp slope of the large peak in the majority DOS and
2) has quite narrovd band with sharp peaks in the majority this, as in the case of fcc iron, is responsible for the well-
DOS about 1 eV below the Fermi energy. The exchang&nown large magnetovolume effect in this system. Y%Fas
splitting and the magnetic moment are smaller in Yf#@an  a mixture of two “close-packed” sites and a more open
in bcc Fe because of the hybridization of primarily the mi-site. As a result, the magnetovolume effect in this system is
nority Fed states with the neighboring Y states. less pronounced than that infe, ;.

YFe; has rhombohedral structure and three inequivalent Next we consider the exchange interactidfsamong Fe
iron sites. Thec site has the largest magnetic moment andpairs needed in the Heisenberg Hamiltonian for Thecal-
the most narrow peaks of the D@Big. 3) among all three culations(Table Ill). It is clear from the table that the ex-
sites because it has the largest VP volume and the loweshange interactions are fairly long range for all the com-
number of Y neighbors. Thie site is similar toc, but due to  pounds being studied here. The dumbbell exchange
the hybridization of the minorityl electrons with the addi- interactions in YFe; are strongly ferromagnetic which is
tional Y neighbors(which increases the occupation of the contrary to the occasional speculation that they are antiferro-
minority stategand also partially due to slightly smaller vol- magnetic. We consider the agreement betwégs calcu-
ume, its magnetic moment is smaller than that ofdisite. h lated from the pair interactiori&q. (3)] and the exact results
site moment is similar to that of the site but its local envi- calculated directly from Eq4) reasonable as shown in Table
ronment is more complex than either of the other two sites al within the constraint of our computational facilities.
reflected in the DOS and, value. Due to the oscillatory and decaying nature Bf, the

Y,Fe; has rhombohedral structure and can be obtainedargest contribution tdy comes from the first neighbors. The
from YFe; by replacing one third of the Y atoms by Fe pairs average values of the sum of the first-neighbor exchange
(dumbbells. Because of its structural similarity to fcc phase, interactions over inequivalent Fe site§J{;)) for YFe,
the magnetic properties of Fe,; share some features with YFe; Y,Fe- and YFg, are 91, 77, 52, and 81 meV, re-
fcc Fe. For example, both phases have strong magnetovaspectively. The value ofJy,) is effected by the number of
ume effect. However, X¥e;; has four inequivalent Fe sites the first-neighbor Fe atoms and their distribution. In general,
wherec site has the largest volume and the largest number cdn increase in the first-neighbor Fe atoms randomizes their
first neighbors among Fe sites, whiesite has the smallest distribution into a broad group which leads to a decrease in
volume. Thus, we have not only the global but also the localJy;). However, in the case of Ykg the first-neighbor
volume effect in this compound with the magnetic momentsgroup breaks up into two distinct subshells for the gite
ranging from 2. for thec site to 1.5.5 for thed site. The  similar to bcc iron which leads to a very large value of its
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TABLE lIl. Fe-Fe pair-exchange parametémseV) for three shells in Y-Fe compounds. The numbers in

R. F. SABIRYANOV AND S. S. JASWAL

the brackets are the number of neighbors and their distédhicaespectively.

JOl

‘]02

‘]03

YFe, Fe(d)
YFe; Fe(b)

Fe(c)

Fe(h)

YoFe7 Fe(c)

Fe(d)

Fe(f )

Fe(h)

YFe, Fe()

Fe()

Fe(f )

15.2(6x 2.604)
11.9(6x 2.560)

9.7(3%2.478)
11.7(3x 2.520)
18.8(3% 2.963)
9.7(1x 2.478)
11.7(1x 2.520)
11.9(1x 2.560)
7.5(4x 2.567)

62.1(1x 2.355)
2.1(3% 2.591)
7.6(3%2.622)
3.6(6x 2.706)
7.2(4% 2.403)
4.3(4% 2.436)
2.1(2x 2.591)

7.2(2x2.403)
12.4(2x 2.436)
4.0(2x 2.516)
—2.4(2x 2.620)
3.6(2X 2.706)

4.3(2x 2.436)
8.3(2X 2.476)
4.0(2x 2.516)
—2.4(2x 2.620)
7.6(1x2.622)

11.7(2x 2.380)
9.8(4x 2.439)
2.7(4x 2.598)

49.0(1x 2.380)
2.7(4% 2.598)
5.6(4% 2.634)
10.3(4x 2.915)

9.8(4% 2.439)
5.6(4x 2.534)
—6.3(2x2.662)

1.14(1% 4.509)

1.37(%4.074)
0.87(12< 4.442)
1.37(14.074)
—1.01(6x 4.395)
—1.06(6x 4.418)
—0.03(1x 4.025)
—1.01(2x 4.395)
—1.06(2x 4.418)
1.21( 4.431)
0.87(2x 4.442)
0.23(4x 4.445)

1.44(3¢4.043)
—0.39(3% 4.140)
—0.52(6x 4.202)
—2.28(6x 4.293)
0.69(4 4.010)
1.44(2 4.043)
—0.13(2x 4.223)
—0.37(4% 4.230)
0.03(4x 4.577)

6.23(1¢3.587)
0.69( 4.010)
—1.92(2x 4.069)
0.81( 4.134)
—3.69(2x 4.142)
—0.09(2x 4.153)
—0.52(2x 4.202)
—3.83(2x4.220)
0.03(2x 4.577)

5.28(1 3.819)
—1.92(2x 4.069)
0.81(2 4.134)
—0.39(1x 4.140)
—0.09(2x 4.153)
0.84(2x 4.196)
—0.13(1x 4.223)
3.42(2x 4.264)
—2.28(2x4.293)

0.05(4 4.102)
2.58(4< 4.155)
3.04(4< 4.233)
—1.52(4% 4.251)
0.05(4 4.102)
—1.52(4% 4.251)
—1.15(2x 4.266)
—1.17(2x 4.288)
—2.04(4x 4.297)
—2.66(2x 4.306)

0.17(1 4.087)
2.58(4 4.155)
—2.04(4% 4.297)

1.34(1% 5.206)

2.39(6<5.080)
—0.046(6x5.133)

2.39(%5.080)
—0.03(6x5.133)

—0.84(4X 4.773)
—0.68(3%5.120)
5.80(6¢<5.133)

1.21(35.183)
1.10(6¢5.237)
—0.63(3%5.413)

0.39(4< 4.653)
2.11(4<4.761)
—0.88(2x 4.867)
2.38(4<4.895)
—1.34(4%5.137)

—1.64(2x 4.650)
5.12(2 4.806)
0.72( 4.873)
3.88(4<5.089)

—1.34(2x5.137)

—1.55(2x5.175)

—0.52(4x 5.248)

— 1.64(2x 4.650)
0.39( 4.653)
—1.94(4% 4.763)
—0.88(2x 4.867)
3.94(1x 4.873)
2.38( 4.895)
—2.87(2x 4.930)
1.75(2 4.986)
—1.55(2x 5.165)

—0.64(4% 4.678)
—0.36(2x 4.758)
—0.10(8x 4.856)
0.07(4<5.083)
0.71( 4.758)
—0.38(4x 5.196)
3.43(5.230)
—0.64(4X 5.452)
—0.05(2x 5.469)

—1.48(1x 4.674)
—0.64(2x4.678)
0.38(4<4.758)
0.44(2x 4.876)
0.07(2x5.083)
3.43(4x 5.230)
—1.62(4x 5.439)
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FIG. 2. Total and site-projected spin-polarized densities of states i L t
of YFe,. The zero of the energyH) corresponds to the Fermi g
energy. '
Jo1- This is the reason for the deviation for Yjzérom the |
0

decreasing trend afy with increasing Fe concentratidRig.
7).

The Heisenberg Hamiltonian calculated above is used in gig. 4. Total and site-projected spin-polarized densities of states

Monte Carlo simulations to findc of the Y-Fe compounds of v,Fe,. The zero of the energyE) corresponds to the Fermi
using the procedure outlined in Sec. Il. An example of thisgnergy.

procedure is presented in Fig. 6 for Yf-@&here susceptibil-
ity is plotted as a function of the temperature for different
cell sizes in Fig. ) and the location of the extrema of the

DOS (States/eV atom)
(=]

DOS (States/Ry atom)
—_ o
I T
&
= |7
-
<¢g% :>
Lo

E (eV)

FIG. 3. Total and site-projected spin-polarized densities of states FIG. 5. Total and site-projected spin-polarized densities of states
of YFe;. The zero of the energyH) corresponds to the Fermi of YFe;,. The zero of the energyH) corresponds to the Fermi
energy. energy.
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0.10 L L [ T T I T I
| N (a) | + T — 800
> 1125 YFe, ®<Jy>
0.08 — o 3087 - . t ]
|+ 9000 | > 00| .
_ x 1 1979 E YF + (;_]
£0.06 — < % 2 ®
g A YFe 1400 &
& B v L YzF*en
<
= 0.04 — b
1 i
0 . ' 0
0.02 = 0.8 1.0
L Fe concentration
| | | | FIG. 7. Total exchange interaction averaged over inequivalent
0.00 : : . 590 : : ; : ;
560 580 600 620 0.00 0.02 0.04 Fe sites (Jo)) and calculated’¢ as functions of the iron concen-

T(K) NBY tration in different Y-Fe compounds.

FIG. 6. Example of the finite-size scaling procedure for ¥Fe . L .
(a) Susceptibility(y) as a function of the supercell sizRY; (b) The of a given atom with its nelghbors. The exchange parameters
location of the maxima of the thermodynamic quantifiesscepti- ~ c@lculated from the electronic structure have long-range os-
bility (y), third- and fourth-order cumulant@J; and U,)] as a  Cillatory behavior with their values decreasing with distance.
function of N~ /3, The first-neighbor interactions are strong for the low coordi-
nation sites and weak for the high coordination sites, where
susceptibility and third and fourth cumulants are plotted as &hey become comparable with farther-neighbor interactions.
functions of N~ in Fig. 6(b). The straight line fits like The Curie temperatures calculated using the Monte Carlo
those in Fig. &) correspond to a value of=0.705 and the procedure and the calculated exchange parameters are in
intercepts giveT ¢ for considered compound. The calculated Very good agreement with the experimental data. The change
values ofT¢ are in very good agreement with the experimen-in Tc with Fe concentration in Y-Fe compounds is strongly
tal data as shown in Table Il. According to the mean-fieldcorrelated with the first-neighbor Fe-Fe coordination and dis-
theory, Tc=2/3kg(Jo) Where(Jy) is the average ofy(Ef) tribution. The Fe sites with bcc Fe-like first-neighbor two-
over different Fe sites. It is interesting to note that MonteSubshell environments have larger exchange interactions
Carlo values of¢ are proportional tdJ,) (See Fig. Jbut  than those with an amorphous distribution of the first neigh-
the proportionality constant is about 0.76 of that of the meanbOrs. As a result, the Curie temperature tends to decrease
field value. with increasing iron concentration.
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