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Spin reorientation and crystal field in the single-crystal hydride HoFg4TiH
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We present a study of the hydrogenation effect on structural and magnetic properties gfTiHskgle
crystal. Single crystal hydride HoR@iHy with H concentratiork=1 at. H/f.u. has been prepared. Magneti-
zation measurements along the main symmetry directions of the tetragonal structure have been performed on
HoFeg;TiH, (x=0,1) single crystals at applied high magnetic fields up to 80 kOe in the temperature range
from 4.2 to 300 K. Torque measurements were carried out in the temperature range 78—700 K in magnetic
fields up to 13 kOe. The single-ion magnetic exchange and crystalline-electric-field interaction model has been
applied to the fitting of the experimental behavior of the single-crystal Haki¢, (x=0,1) samples. A set of
CEF parameters and mean exchange field has been obtained. Hydrogen atoms have been found to have a
significant effect on the second-order crystal field paramafetAd= —20.5 Kg > for HoFe,Ti and AS=
—118 Kg, 2 for HoFegTiH).
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One of the most important recent developments in thereviously in Ref. 11. Purified hydrogen obtained by decom-
field of magnetism and magnetic materials has been the rgposition of LaNgH, was used for hydrogenation. The sample
alization that improvement in magnetic properties can bewas activated al =473 K in a vacuum and then hydroge-
achieved by introducing into the intermetallic compoundsnated at the same temperature under a hydrogen pressure of
crystalline lattice of light interstitial elementydrogen, ni- 3x10° Pa. The obtained single crystal hydride was
trogen, carboh This is particularly necessary for powerful HoFe;TiH, at x~1. The concentration of absorbed hydro-
magnet materials such as tiigFe B, R,Fe,, and also gen in the samples was calculated using the Van der Waals
materials characterized by the formuRre, ,T, (T=Al, equation and additionally was measured by full burning
Ti, V, Cr, Mo, W, and Sj with tetragonal crystal structure of method.
the ThMn,, type. The compounds of the last group exhibit  X-ray diffraction experiments with G€, radiation were
all peculiarities of the magnetic properties of rare-earth in-made for the phase identification both of the parent com-
termetallics with high @ metal content from the structural pounds and their hydrides and to determine unit cell param-
viewpoint being much more simple than earlier mentioneceters. The samples were used in the shape of a disk and
related compoundsR,Fe,B and R,Fe;). The crystallo- sphere approximately 3—4 mm in diameter. Thermomagnetic
graphic structure of the ThMpatype presents only one high- analysis(TMA) was used to measure the Curie temperature
symmetry (4/mmn) site for the rare-earth ions, thus elimi- in a field of 1 kOe. The magnetic measurements were carried
nating all possible competition between different rare-earttout in temperature range 4.2—300 K and in magnetic field up
sites. to 80 kOe on standard equipment. Torque measurements

The origin of magnetocrystalline anisotropy energy inwere carried out in the the temperature range 77—700 K in
these compounds is believed to be directly related to an inmagnetic fields up to 13 kOe on single crystals. All the data
teraction between thefdelectrons and the crystal field. This were corrected for the demagnetizing field.
interaction can be fully described by the crystal electric field HoFe;Ti compounds was found to be crystallized in the
(CEP) parameters. Examples of crystal-field analysis of theetragonal ThMp,-type structure. Lattice constarasand c,
experimental behavior of single-crystal samples can be foundnit cell volumeV are listed in Table I. It was observed that
for R,Fe.B,'° R,Fe;,* and also for therFe, T, (in the  the hydrogenation leads to a lattice expansion of the com-
case wherd =Ti andx=1).5° Until now no single crystals pounds without change of the tetragonal structure of the
of the hydrogen containing compounds were available. HyThMn,, type. Thec/a ratio of the host alloys at room tem-
drides of the anisotropic materials with highl 3netal con-  perature was determined to be slightly reduced upon hydro-
tent have been systematically investigated only on a polygenation. This indicated that hydrogen expanded the lattice
crystalline sample&:® more along the axis than thec axis. A neutron diffraction

We have prepared thRFe,TiH, hydrides without de- investigatiod® showed that hydrogen occupies the octahe-
crepitation of the single-crystal sampf@sin this work we
have investigated two fundamental aspects of the hydroge- .
nated materials. These are the effect of hydrogen interstitials nydride-
on the(i) crystalline electric field andii) exchange interac-
tions. We will focus our study on Hokgi intermetallic Compound _a (nm) ¢ (nm) da_ V() AVIV(%)
since well characterized and good quality single crystal§ioFe;Ti 0.846 0.475 0.5615 0.3399
were obtained. HoFe,TiH 0.850 0.476 0.5600 0.3439 1.1

Details of single crystal preparation have been described

TABLE I. Crystallographic data of the Hol-@i compound and
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TABLE Il. Magnetic data of the HoRgTi compound and its
hydride.

Easy direction

og, emu/g of magnetization
_— [}
Tc, TSR! T:42 T:300 E
Compound T=4.2K T=300K K K K K o
b
HoFe;Ti 75.6 84.5 518 axial axial
HoFe,TiH 83.3 93 561 140 cone axial

dron 2b sites in the HoFgTi lattice. The relative cell vol-
ume increaseAV/V, also shown in Table I, shows a consis-

0 20 40 60
tent ~1.1% volume expansion over the hydrogen-free unit H, kOe
cell.
The compounds HoFk¢li and HoFe TiH are ferrimag- FIG. 2. Magnetization isotherms for the HalrEH single crys-

nets with a Curie temperatuiig. of 518 and 561 K, respec- tal for the magnetic field applied along the three main symmetry
tively. Curie temperature$. and saturation magnetizations directions aff =4.2 K (the lines is calculatgd
og of the HoFg,Ti compounds and its hydride are listed in
Table 1. with large variation of the SRT temperatufgg observed
It is known thatT is very sensitive to the Fe-Fe distance, by varying the Ti content in titanium-stabilize®Fe,, , Tiy
and theT increase after hydrogenation is attributed to thecompounds(see Ref. 1 We investigated single crystals
increase of the exchange interaction betweehidhs. The obtained by means of x-ray microanalysis using Cameca in-
saturation magnetization was enhanced upon hydrogenatigiallation. The x-ray microanalysis of the samples reveals
(see Table ). Arnold et al!® reported that, on the contrary, a that they correspond to the formula HgFe i Tiggs. Thus
decrease of the magnetization of Hgffé compounds with ~ small deviations from nominal composition were found.
pressure was observed. In addition to the size effect, the The experimental isotherms for the HafE and its hy-
change of saturation magnetization may be conditioned bgiride have been obtained at some selected temperatuggs
the transformation of electronic structure of the HpfFe 40, 80, 120, 160, 200, and 300 Krigures 1 and 2 show, for
intermetallic compound. example, the isotherms obtained from the magnetization
Magnetocrystalline anisotropy is one of the most impor-measurements for Hold'i single crystal and its hydride,
tant intrinsic magnetic properties. In the Haof® com-  correspondingly, for the magnetic field applied along the
pounds Boltichet al}* found a second-order SRT from an three main symmetry directior{400], [110], and[001] at
“easy axis” to an “easy cone” affggr=52 K, but several T=4.2 K. The easy magnetization direction corresponds to
author$%1® reported that the easy magnetization directionthe[001] axis for HoFe;Ti. A field-induced first-order mag-
(EMD) remains along the axis in the whole magnetic or- netization proceséFOMP) in a hard-magnetization direction
dering temperature range. Our measurements on single crys-
tals confirm the latter view. Such a behavior is consistent [001] (110] [001] [110] [001]
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FIG. 1. Magnetization isotherms for the HQEE single crystal FIG. 3. Torque curves for single crystal hydride HeHéH at
for the magnetic field applied along the three main symmetry direcseveral selected temperaturds=90, 115, 135, 300 K aH=12
tion atT=4.2 K (the lines is calculated kOe.
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100 TABLE Ill. Crystal electric field coefficienA]l (in Kag " units)
and exchange field betweerd3and 4 sublatticespgHey (in K
units). The data of the HoRgTi compound have been reported in
8T Ref. 6.

Compounds A9 A A A} A pgHe(0)

HoFe,Ti  —205 —11.1 502 —153.2 —0.81 100
HoFe,TiH —118.0 —86 1.4 —2000 —0.85 112

A comparison of the experimental results shown in Figs. 1
and 2(open circleg with calculated datésolid lineg clearly
0 E—— — shows that the model using five crystal field parameters does
0 100 200 300 an excellent job of reproducing the experimental results. The
T.K main feature that emerges, confirming previous investiga-
FIG. 4. Comparison of the experimental and calculated angle tions, is the small value of the second-order crystal-field pa-
of spin reorientatiorfthe line is calculated using formul@5) re-  rameters forRFe;;Ti and hence the importance of higher-
produced in Ref. 17 order terms. The value ofo=—20.5 Kg ? for HoFgTi,
which can be contrasted to the value Aff=300 Kg, ? for
is observed. There exists a strong MCA in the basal planer,Fe ,B compounds.
Drastic changes in the magnetization are observed after the prom these results the following comments can be made.
interstitial eler_nent insertion, vyhlch indicated th_e compli- (i) Hydrogenation leads to a small increase0%) of the
cated magnetic structure of single crystal HoffeH Ny~ 4t 34 eychange interactior(ii) Hydrogen atoms has been

dride. I
Torque magnetometry was used to study the MCA behavtound to have a significant effect on the second-order crystal

: 0 p0_ —2 : :
ior. The temperature variation of the observed torque Curve%eld_parameteAz_ (AZ._ —118 Kg * for HOF%T'.H)' This
L(6), for HoFe,TiH (010—disk specimens are shown in act |s.not surprising since bqth hydrogen and nitrogen atoms
Fig. 3, whered is the angle betweea axes and the magne- enter into .thelb |nterst|_t|al sm_es in .ThMrﬂz—t)_/pe structure.
tization vector. From this figure it is seen that the shape ofl N€ contribution of ne|ghbo(r)|ng nitrogen ions to secg)nd—
the torque curves at high temperatures are quite differerfirder crystal-field parametek; are positive and largeA;
from those at low temperatures. At=300 K the shape of =85Kg 2 for HoFe;TiN (see Ref. 18these data have been
torque curve was a typical uniaxial ty@01] and[110] are  obtained on polycrystalline samplesvhile more negative
the easy and hard directions, respectiyelyhile that at low  value of Ag is derived for the hydride than for the initial
temperatures T=90-135 K was more complicated. The single crystals.
easy axis determined as the intercept of thexis and the Interstitial hydrogen atoms occupy sites adjacent to
curveL (6) where. Herd (¢) changes from positive to nega- the rare earth along the tetragormahxis creating a strong
tive with increasingy. Thus, the temperature variation of the change of crystal field at the position Bfions. On the other
easy magnetization axis is immediately seen from Fig. 4. Th§and, R ions have asymmetric f4electronic shell, which
solid line in Fig. 4 is calculated using formul&5) repro-  grientation depend on symmetry and value of crystal field.
duced in Ref. 17. The spin reorientation occurs as a SeconQiziaraction between orbital moment off 4shell and cry-

order transition all spr=140 K. N . stal field modified by hydrogenation causes strong change
Theoretlc_al calculations were made to explain this anisoty ¢ magnetic anisotropy, which was observed in our experi-

ropy behavior. The method used to analyze the data is th

mean-field approximation including exchange and crystal- '
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