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Abstract

We present an ab initio density functional study of magnetic phase transitions in th¢lY §stem. The augmented plane wave and local
orbital method as employed in the WIEN2K code is used to predict the structure and electronic structure of this compound. Comparison is
made with recent X-ray diffraction and magnetization studies. The calculations suggest that tit ¥&em is ferrimagnetic in character.
Further, fixed spin moment calculations are used to predict and interpret magnetic phase transitions observed in externally applied magnet
fields.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction display technologiefr]. Studies of these compounds under
ultrahigh magnetic field§8] also reveal multiple magnetic

The Y-Co family of intermetallic compounds and their transitions as a function of field. In this paper we present

associated hydrides exhibit a wide range of interesting andthe results of ab initio electronic structure calculations of the

variable magnetic properties. In the parent compounds thestructure and magnetic structure in Y{Et. In addition the

magnetic moment per cobalt atom increases from zero infixed spin moment method is used to understand magnetic

YCo,t0 1.64 in Y,Coy7. Of particular interestis the interme-  field induced transitions in the electronic structure.

diate compound YCgand its related hydrides which exhibita

dramatic dependence of magnetic properties upon increasing

hydrogenation. YCgis a ferromagnet or ferrimagnfi—4],

some recent experimental and theoretical work suggests it2. Computational methodology

is in fact ferromagneti¢5]. Experimentally, the3; phase,

YCosH,, 1.0 < x < 1.5, is paramagnetic (or possibly anti- Calculations are performed with spin polarized density

ferromagnetic with a Neel temperature of 273K). The functional theory. We use the full-potential, scalar relativistic

phase, with 15 < x < 2.0, is ferromagnetic (our calculated ~approach as employed in the WIEN2k cof®. For the

results here suggest it is in fact ferrimagnetic), with a Curie €xchange and correlation potentials, we used the Perdew

temperature of 237 K. The phase, $ < x < 4.0, is anti- and Wang 91 implementation of the GGA. To improve the

ferromagnetic (or paramagnetic) with a Neel temperature of convergence behavior and computational efficiency, the

200 K[6]. These novel magnetic properties may be important augmented plane wave and local orbital (ARWb) basis

for application purposes, for example the hydrogen driven is employed. The initial basis set includes 5s, 5p and 4d

metal-insulator transition on YHs being explored for novel ~ valence and 4s, 4p for semicore functions for Y sites, 4s, 4p,
and 3d valence and 3s and 3p semicore functions for Co sites
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and Gmax = 22, k = 400 corresponding 44k points in the for Co atoms (Col in 3b sites, Co2 in 6¢ sites and Co3 in 18h
irreducible BZ, tests showed that properties had convergedsites). For thg8, phase YCgH, (x = 1.5-2.0), X-ray mea-

at this level of BZ integration. Spin orbit coupling is also surements show that tlRe3m symmetry is retained through-
included in the calculation (in the parent Y&oompound out the region O< x < 2 [11]. Neutron diffraction reveals
inclusion of spin orbit coupling is important for predicting thatthe hydrogen atoms occupy the 36i type interstitials in the
the ferrimagnetic ground state as observed in recent exper-YCo, block. This conclusion has been recently confirmed by
iments[5]) using the second variational approach, here a synchrotron X-ray5]. This structure is shown iRig. 1, both
basis is calculated within spin polarized DFT and then used the conventional hexagonal unit cell and the rhombohedral
to diagonalise the Hamiltonian including the SO term. For primitive cell used in calculations are shown. An important
the calculation including spin—orbital coupling, we assume feature associated with the Y€l crystal structure is that
that both the magnetization and field are parallel ta-thgis the Col atom is located at the center of a cluster of six hy-
based on the fact that the easy direction of magnetizationdrogen atoms, sd€ig. 1 The distance between Col and His
is along thec-axis[10]. Including the spin—orbital coupling 1.70A. The nearest neighbour of each H atom is a Co3 atom,
decrease the symmetry, for Yg;dhe number of symmetry  atadistance 1.68. Buteach His neighbour to only one Co3
operations drops from 12 to 4. The fixed spin moment (FSM) atom. The experimental and calculated geometry data are
method is used understand changes in the magnetic state disted in Table 1together with the data for the parent com-
the system as a function of external field. In this approach a pound. The calculated data result from a full structural relax-
self-consistent calculation is performed subject to a require- ation. An interesting effect on the parent structure on hydro-
ment that the system possesses a particular total magnetigenation to th@, phase is the fact that the only an expansion
moment, this is achieved by separately varying the Fermi of the host lattice along theaxis occurs to accommodate the
energy of majority and minority electrons. Investigation hydrogen.

of the total energy as a function of magnetic moment can

then reveal both local and global minima corresponding to

different magnetic phases observed in an external magnetic

field. 4. Ground state electronic and magnetic structure

The electronic ground state of Yeld, was found to
be ferrimagnetic with the Col atom having an anti-parallel

3. YCosH; structure alignment of local magnetic moment. The predicted total
magnetic moment is .82up, corresponding @9s/Co,
The parent compound, YGtas the rhombohedr&+3m compared with experimental valuerQug/Co. One possible

crystal structure, usually presented in hexagonal coordinatesyeason for this slight discrepancy is due to the impurities
and conveniently described in terms of the alternate stackingin the experimental sample reducing the magnetism. The
of YCos cells of the CaCelitype and YCae cells of the MgCuy calculated magnetic moments of the three distinct Co atoms
type structure. It is isomorphous to PgNvith two different are—0.98up (Col), 161up (Co2) and 121up (Co3). Note,
sites for Y atoms (Y1 in 3a sites and Y2 in 6¢ sites) and three these calculated local moments are simply the net spin mo-

Table 1
Calculated crystallographic data of (a) Y&£and (b) YCaH2, compared with synchrotron X-ray diffraction (XRD) resUl$
Experimental (synchrotron XRD) Calculated
(@) YCo3
aA) 5.0159 5.020
c(A) 24.273 24.25
Y1 (3a) 0,0,0 0,0,0
Y2 (6¢) 0,0,0.1411 0,0, 0.1399
Coy (3b) 0,0,05 0,0,0.5
Co (6¢) 0,0, 0.3337 0, 0, 0.3346
Coz (184, x, —x, 2) 0.5006, 0.4994, 0.0815 0.5034, 0.4966, 0.0803
(b) YCo3H>
a®) 5.0017 5.259
¢ (A) 26.980 25.57
Y1 (3a) 0,0,0 0,0,0
Y2 (6¢) 0,0, 0.1308 0,0, 0.1399
Coy (3b) 0,0,0.5 0,0,0.5
Co (6¢) 0, 0,0.3346 0, 0,0.3329
Cosz (184, x, —x, 2) 0.4985, 0.5015, 0.0746 0.5008, 0.4992, 0.0705
H (36i, x —x, 2) 0.4955, 0.5045, 0.1337 0.4945, 0.5055, 0.1332

The XRD results are for a stiochiometry of Y&k o.
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Fig. 1. The structure of YCg,. Both the conventional hexagonal unit cell
and primitive rhombohedral unit cells are shown. Large spheres represent
Y, small dark spheres Co and small light spheres H. Also indicated are the
symmetry inequivalent atoms Col, Co2, Co3, Y and H.
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ment inside each muffin tin sphere. In this structure the final Fig. 2. The electronic density of states (DOS) for majority spin and minority

self-consistent magnetic structure was independent of thespin electrons for both (a) YGbiz and (b) the parent compound Y&dhe

choice of starting configuration, e.g. an initial ferromagnetic zero ofthe energyaxisisthg Fermi e_nergyingach case. Ineach case the DQS
. . . . is associated with the predicted ferrimagnetic ground states as discussed in

configuration converges to the above ferromagnetic config- ;. o

uration. It is interesting to compare these results to similar

calculations performed for the parent compoybyl here an associated sharpening of features in the Co related

again a ferrimagnetic solution is obtained but in $Qbis DOS.

the Co2 atoms have the anti-parallel magnetic moment, while

in YCozHy, itis Col atom. Furthermore, for Y@pto get a

ferrimagnetic solution, an initial ferrimagnetic configuration 5. Fixed spin moment results

is necessary. A ferromagnetic initial configuration leads to a

meta-stable ferromagnetic state. However, for ¥i&g no To attempt to understand the magnetic transition in

stable ferromagnetic state was found, although experimentalYCogH, under externally applied magnetic field42]

results suggesB, phase is ferromagnetic. Our calculated we have performed a series of fixed spin moment (FSM)

results give a clear motivation for more careful and more calculations. The calculated total energy in Rydbergs and

extensive magnetization studies. In fact only recently have the local Co sites magnetic moment (MM) as function of

we determined that YCas ferrimagnetic compared to pre- the total MM are presented iRig. 3. For low values of

vious experimental and theoretical results suggesting it wastotal MM ranging from MM= 4-1Qug a ferrimagnetic

ferromagnetic. solution is obtained. From MM- 10ug a ferromagnetic
The electronic density of states (DOS) for Y4Etp, and solution is obtained. The transition from ferri to ferro can be
also for YCg for comparison, are presented ig. 2 A understood as a field-induced spin-flip process under a high

comparison of the DOS show the presence of the H 1s bandexternal magnetic field. Two energy minima are observed.
strongly hydridised with the Co bands about 8 eV below One corresponds to the ferrimagnetic ground state located
the Fermi energy. The general effect that magnetization isat MM = 8ug. The other one minima corresponds to a
increased on going from YGdo YCozH; is explained by  ferromagnetic state with total MM:= 10.5u. Furthermore,

a combination of a relative lowering of the Fermi energy the ferrimagnetic solution, corresponding89ug/Co, is

into a region of the DOS which favours a stronger splitting consistent with the experimental value.g0-Q78ug/Co)

and a structural effect changing Co—Co distances with in zero field. The minimum for the ferromagnetic solution,
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-4.02 @ state compared to the, conventionally accepted, experimen-
4.04 tal ferromagnetic structure. This suggests that further exper-
imental studies are necessary to completely understand the
> -4.06 . .
2 magnetic structure or that a higher level of theory and com-
5 408 o putation than is presented here is necessary. Note that the
41— overall magnetic moments predicted here are in good agree-
P e o ment with experiment. Further, FSM calculations predict a
' T ferri to ferromagnetic transition under application of an ex-
A % & & 5 7 % 5 ternal field, again the tot.al moments predicted are in good
Total MM agreement with observation.
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Fig. 3. (a) The total energy and (b) the local Co magnetic moments as a
function of total magnetic moment associated with the FSM calculations
described in the text. Magnetic moments are in unita @f Note in (a) the

two energy minima corresponding to the ferri and ferromagnetic states.

6. Conclusions
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