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Theoretical study of the magnetic ordering in rare-earth compounds
with face-centered-cubic structure

Chun-gang Duan,® R. F. Sabiryanov,” Jianjun Liu, and W. N. Mei
Department of Physics, University of Nebraska at Omaha, Omaha, Nebraska 68182-0266

P. A. Dowben and J. R. Hardy
Department of Physics and Center for Materials Research and Analysis, University of Nebraska
at Lincoln, Lincoln, Nebraska 68588

(Presented on 8 November 2004; published online 2 May 005

We present a detailed theoretical study of the magnetic ordering in heavy rare-earth compounds with
a face-centered-cubic structure. In addition to the exchange interactions which are counted up to the
third nearest neighbors, the effect of the dipolar interactions and magnetic anisotropic effect are also
included in our model Hamiltonian. The interactions parameters are obtained from first-principles
band-structure calculations by fitting the total energies of different magnetic configurations to the
Heisenberg Model. Thus from utilizing the Monte Carlo simulations, we explained the formation of
different magnetic structures in the rare-earth compound20@5 American Institute of Physics

[DOI: 10.1063/1.1851692

I. INTRODUCTION crystal growing technique and the rapid increase of
computational ability, have we been able to study the mag-
The rare earths have long been an interesting and chahetic ordering from a microscopic view.
lenging subject to physicists due to their unique magnetic, Unlike those 8 ferromagnets, the rare earths generally
electric, and optical properties. For example, they show varihave large magnetic moments, yet the exchange interactions
ous fascinating physical phenomena, such as magneti®etween local spins are relatively weak. Thus other factors,
optical effect, heavy-fermion state, dense Kondo effect, magsuch as magnetic dipole interactions, may also have signifi-
netic polaron effect, etc. In addition, they are also of grea€ant influence on their magnetic orderings. In addition, the
importance to the industries due to their numerous techngi0Upling between neighboring lattice sites is believed to be
logical applications. through an |_nd|rect magnetic excha_nge: Ruo_lerman—K|tteI—
The magnetic properties of the rare earths, as well agasuyg—Yosuj_a(RKKY) tYF_’e’ Wh'Ch_ IS es_sentlally a long-
those interesting many-body phenomena, are intimately rdange interaction and requires considerations of the exchange

lated to the highly localizedfdelectrons of the open shell. As Interactions between a Ia_rge ”“”.‘be“ of neighboring atomg.
early as seventy years ago, Van Vlegkal. had studied the Furthermore, the magnetic orderings of face-centered-cubic

: ; . . (fcc) structure are much more complicated than that of a
magnetic properties of rare-earth ions with the help of the

v developed harfcEhei K q simple cubic or body-centered-cubic structure, because in the
newly developed quantum mechanicsnelr wor su.ggeste fcc structure two nearest neighboriffgN) atoms of a given
that the 4 electrons responsible for the magnetism of the

) ) i atom can themselves be NN atoms. All these factors make
rare earth are sequestered in the interior of the atom, and sge problem very complex.

experience only a small crystalline fieldThus, they ex- In this paper, we summarize our study on the magnetic
plained why Hund's rule witt.-S coupling could give values  ordering of RX with fcc structure. We proposed a spin
of the magnetic moments of rare-earth ions very close tg4amiltonian which contains not only the exchange interac-
experimental observations, at least in the high-temperaturgon, but also the dipolar interaction and anisotropic term.
region. First-principles calculations are applied to two typi¢aK
However, understanding the magnetic ordering of thecompounds, i.e., ErN and ErAs, with four different magnetic
rare earths is still a challenging problem to the magnetistsorderings to deduce those interaction parameters, which were
Even for the rare-earth pnictidé®X (X=N, P, As, Sb, B,  then used in our Monte Cari®C) simulations. In this way,
which have simple NaCl-type structures, various kinds ofwe elucidated the mechanism that controls the magnetic or-
magnetic ordering are observ&d. The neutron-diffraction ~dering in rare-earth compounds. Finally, transition tempera-
study on powered specimens by Chétial* and the theo- tUres obtained_ from MC simulations_ were u_sed to compare
retical discussion based on empirical parameter calculatiofith the experimental values, thus gives a direct verification

by Trammell enriched our knowledge of the magnetic prop- ©f our theory.
erties of these rare-earth compounds. But only until the re-
. . . . IIl. MODEL HAMILTONIAN
cent ten years, with the advance of high-quality single-
The magnetic transition temperatures of these rare-earth
JElectronic mail: dcg@cosmos.unomaha.edu salts are generally very low. Most of them are below 20 K,
PElectronic mali: rsabirianov@mail.unomaha.edu only some nitrides have relatively higher values. Hence this

0021-8979/2005/97(10)/10A915/3/$22.50 97, 10A915-1 © 2005 American Institute of Physics


http://dx.doi.org/10.1063/1.1851692
http://dx.doi.org/10.1063/1.1851692
http://dx.doi.org/10.1063/1.1851692

10A915-2 Duan et al. J. Appl. Phys. 97, 10A915 (2005)

implies that the exchange interactions in these compound®BLE I. Calculated total-energy differencésieV) per formula between

are weak. Therefore, those interactions ignored in the studgM and AFM configurations for each AFM structures of ErN and ErAs.
ft .t.' t’ t hould b id di En=Erm—Earwm, The exchange parametels J,, andJ; are then calcu-

of transition magnetic systems shou e reconsidered if}icy fom these energy differences.

cases studied in the current work. For example, the crystal

structure of ErAs is fcc with a lattice constant of 5.73 A, AE, AE, AE, J J Js

when the dipole moment is about @5 (value for a free
Er**); the energy difference per formula between the ferro-
magnetic and antiferromagnetic configurations could be

around 0.2 meV, which corresponds to a thermal energy of

2 K, being comparable with the Néel temperature of 4.5 K of . o
ErAs® d P P -y (or x-z, y-z) plane. CeBi was found to have this kind of

. 5 .

Due to the same reason, the exchange interactions affM ordering.’In thg second AFM ordenngAFMlll), face-.
counted up to the third NN atoms. In a fcc structure, the raticentered second kindype ), the ferromagnetlc_ shee_t IS
of the third and second nearest distances is 1.225, which glong the{111] plane. Most of FhERX compounds, including
smaller than that of the second and first nearest distanc As, were found to have this M_n—O-type_t AFM structure.
(1.414. Furthermore, considering that the number of the-l,—he third AFM structurd AFM 11) ISa modification Of, the
third NN atoms is 24 while that of the second NN atoms iSf|rst one. In fact, more AFM orderings can be found in Ref.
only 6, if the exchange parameter follows the RKKY type: 9, but the four structures we chose are enough for us to get
J~cog2ker)/r3, we found that there is no convincing reasonthe exchange parameters.

to exclude the contributions from the third NN atoms. It isOI Qurfelecltronllc structqre rc]:alclzulatllong adre bgsed on the
reasonable to ignore the interactions with the fourth NN at- en§|ty- unct|ona.t eory In the local spin- ensn'y approxi-
oms since their numbed?) is relatively small. mation (LSDA) with additional Hubbard correlation terms

The anisotropic effect is also apparenfiX compounds describing on-site electron—electron repulsion associated
. . 10,11
According to Childet al.* the easy axis of these compoundsv_vIth the _4f narrow bands(LSDA+U approa_cm . The
could have at least three directions, i001], [111], and first-principles band-structure approach applied in this work

perpendicular tg111]. This kind of anisotropy could not be is the flfy-potentlal I|near-augmented—plane-vv_a(Fé;APW) .
easily explained in terms of dipolar interactions method.“ The calculated results agree well with photoemis-
. . : 3,14
Therefore, in order to incorporate all the above- S|onvsxpehr|men§i\l d ErA h did ial
mentioned effects when studying the magnetic properties of e chose ErN and ErAs as the candidate materials to

the RX compounds, we introduce the following spin Hamil- St“‘,’,Y the magnetic properties BX compounds. Muffin-tin
tonian: radii of Er, N, and As atoms are set to be 2.6, 1.8, 2.2 a.u.,

respectively. In the total-energy calculation, the factor
B RutKmax IS chosen to be 8. We found that using as large as
H= _?2 SJn g S-S+ g Djj 4000k points in the Brillouin zone is necessary to obtain the

A ) - energy convergence up to 0.1 meV. Following previous

+ KD (a2 + B2y2+ y2ad) + Ko 28297, (1) works;>!*we used values fou=8.6 eV and)=0.75 eV in

[ [ the LSDA+U scheme.

The total exchange energies per lattice site of the four
magnetic orderings can be explicitly expressed from the
Heisenberg HamiltoniafEq. (1)] as,

ErN 0.0 -3.8 -0.5 0.192 -0.633 -0.096
ErAs 0.54 3.23 0.53 -0.170 0.471 0.119

nth NN

whereS; indicates the spin vector at ttigh lattice site,J, is
the exchange parameter between e neighboring atoms,
the dipole-dipole interaction enerdy;; between two mag-

netic dipolesu; andu; is given by, Epy = Eg+ 631 + 3J,+ 1215, (3)
(uj - up) = [3(n - up(n - uy)]
Dj=——1 e : =, (2) Earm, =Eo— 231+ 33, - 45, (4)
i
with n as a unit vector in the directian;. a, 8, andy are the Earm, = Eo— 33, (5)
direction cosines ani; and K, are the first- and second-
&riezrtsprlnsotroplc constants. For cubic systems, there is no Earm, =Eo— 231+ J,+ 43, (6)
0 .

whereE, is the reference energy.

Due to the fact that the energy differences between these
orderings are generally very small, extreme care is needed in

The exchange parameters in the model Hamiltonian cathe calculations. Hence, we only compare the energies be-
be obtained from the first-principles band-structure calculatween FM and AFM configurations of each different struc-
tions. To do this, we carried out total-energy calculations orture to avoid any error caused by the different symmetry or
four different magnetic orderings of the fcc structure. One ofshape. These energy differences are then used to solve Egs.
them is ferromagneti¢FM) ordering as ErN has, the other (3)—(6). Considerable efforts are also needed to prevent the
three are antiferromagnetidFM) orderings, as shown in calculation traps into a metastable state. The final results are
Ref. 8. In the first AFM orderindAFM [), which is called listed in Table I. As we can see, our LSDAHcalculation
face-centered first kind, the ferromagnetic sheet is inxhe gives correct ground-state AFM Il for ErAs. For ErN, we

lll. TOTAL-ENERGY CALCULATION
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found that the FM and the first AFM ordering can be re-experimental value of 4.5 RFor ErN, we found the ground
garded as degenerate states within the accuracy of our calcstate to be AFM. This is because of the incorrect prediction
lation. All the J, values are very small, which is expected of the ground state of ErN by total-energy calculations. The
because of the low transition temperatures. cause of this is still under investigation.

IV. MONTE CARLO SIMULATION V. CONCLUSIONS

MC simulations, based on the model Hamiltonian Egs.  In conclusion, we applied the first-principles calculations
(1) and(2), are used to find the ground states of a fcc structo the study of the magnetic properties of rare-earth com-
ture with different values ofl,, u;, K;, andK,. The same pounds. The exchange parameters of these systems have
method has been applied successfully in the study of combeen obtained directly from theoretical calculation, instead
plex permanent magnetic materiafs. of from fitting with experimental observations. The magnetic

The lattice studied in our MC simulation is a X@0  ordering of rare-earth compounds with a face-centered-cubic
X 10 fcc cell (4000 sping with lattice constants equal to structure is determined from the intriguing competition be-
4.83 A (ErN) and 5.73 A (ErAs), respectively. Periodic tween the first, second, and third NN exchange interactions.
boundary conditions are applied. The systems are heated up addition, we found that the dipole-dipole interactions
to 100 K, then are slowly quenched to 0 K by 30-50 stepscould play an important role in the magnetic behaviors of the
In each temperature step, 3000 MC updates per spin are caare-earth compounds, and are especially instrumental to the
ried out. The anisotropic coefficienks andK, are set to be magnetic anisotropy.
0.1 and 0.05 meV per formula for ErN, and -0.1 and
0.5 meV per formula for ErAs. The dipole moments in both ACKNOWLEDGMENTS

caseGs are s”et t?] bz@a@ f the dipole-dioole i . This work was supported by the Office of Naval Re-
i _enera_y,f_t 'te Ilrft(':t surr? oft ef Ipote- tlpo € 'nttﬁrlagtt_'onsearch, Nebraska Research Initiative, the Nebraska-EPSCoR-
erm In an ntinite attice, nere a 1cc structure with 1athee \se Grant No. EPS-9720643 and Department of the Army

constanta, will most likely encounter the problem of slow_ rant Nos. DAAG 55-98-1-0273 and DAAG 55-99-1-0106.
numerical convergence. Usually it can be solved by a special

techmque such as the Ewald summation method. HowevemHandbook on Physics and Chemistry of Rare E4Nlrth-Holland, Am-
our calculation shows that the difference between the resultssterdam, 1979
obtained by the direct sum under a cutoff distance afsd 23, H. Van Vleck, The Theory of Electric and Magnetic Susceptibilities
100a is no more than 0.5%, and the latter agrees almost, OXford University Press, New York, 1952Chap. IX.

. . . J. H. Van Vleck, Rev. Mod. Phys50, 181(1978.
exactly with the value obtained from analytical metHBd. < r chiid, m. k. Wilkinson, J. W, Cable, W. C. Koehler, and E. O.
Thus in our simulations, the dipolar interaction is included wollan, Phys. Rev.131, 922 (1963.
up to a range of &. °T. Chattopadhyay, P. Burlet, J. Rosat-Mignod, H. Bartholin, C. Vettier, and

. . - . O. Vogt, Phys. Rev. B49, 15096(1994.

Contrary to the general_pe_llef that the dlpplar mtgrac’gon ®s. J. Allen, Jr., N. Tabatabaie, C. J. Palmstrgm, G. W. Hull, T. Sands, F.
can solely account for Stab'“?mg the_magn?tm ordering in @ peRosa, H. L. Gilchrist, and K. C. Garrison, Phys. Rev. L&, 2309
fcc structure® we found that in our simulation, though the 7(1989).
fcc spin lattice with a pure dipole-dipole interaction has a 8.(]581— Tfarlnrsne”' Epfys-t_Re‘él?I]& 3?12(1_963-f Magnetistw. B. Saund

. . . Samuel smargrective Fie eories o agnetl . b. Saunders
ground ;tate of AFM I type with all the thole moments Company, Philadelphia, 1956p. 76-77.
perpendicular to thgl11] axis, there also exist several meta- 9). B. Goodenougtyiagnetism and the Chemical Bofiiley, New York,
stable states with complex magnetic orderings which haV(? 1963, p. 92.
energies only about I meV higher. Such small energy dif- OZ’igféj/;”'S'mOV' J. Zaanen, and O. K. Andersen, Phys. Revd4 943
f_erence can easily be _reached by even a tiny thermal fluctuas, | Anisimov, I. V. Solovyev, M. A. Korotin, M. T. Czyzyk, and G. A.
tion (around 1 mK, which renders the system unstable. Nev- sawatzky, Phys. Rev. B8, 16929(1993.
ertheless, the existence of dipole interaction really”’P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J. Luitz,

contributes significant anisotropy to the AFM system like W/EN2k, An Augmented Plane W Local Orbitals Program for Calcu-
9 Py y lating Crystal Properties(Karlheinz Schwarz, Techn. Universitat Wien,

ErAs. ) Austria, 2001.
When all factors are taken into account, we found that*T. Komesu, H K. Jeong, J. Choi, C. N. Borca, P. A. Dowben, A. G.

for ErAs, the ground-state magnetic configuration obtained (Petughovy B. D. Schultz, and C. J. Palmstrgm, Phys. Re67B035104
; ; ; 2003.

f'rom MC calcu!atlons agrees with experimental observa-MCI_G_ Duanet al, Surface Review and Letters 11, No(Z004).

“0”_5- The Obtamed transition temperatt{fmm paramag- g F Sabiryanov and S. S. Jaswal, Phys. Rev. L291.155 (1997).

netic to AFM) is around 6 K, which agrees well with the M. H. Cohen and F. Keffer, Phys. Re99, 1128(1955.



	Theoretical Study of the Magnetic Ordering in Rare-Earth Compounds with Face-Centered-Cubic Structure
	Recommended Citation
	Authors

	University of Nebraska Omaha
	DigitalCommons@UNO
	11-8-2004

	Theoretical study of the magnetic ordering in rare-earth compounds with face-centered-cubic structure
	Chun-gang Duan
	Renat F. Sabirianov
	Jianjun Liu
	W. N. Mei
	Peter A. Dowben
	See next page for additional authors
	Recommended Citation
	Authors



