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Spin reorientation and crystal field in the single-crystal hydride HoFe11TiH
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~Received 30 November 2000; published 7 March 2001!

We present a study of the hydrogenation effect on structural and magnetic properties of HoFe11Ti single
crystal. Single crystal hydride HoFe11TiHX with H concentrationx51 at. H/f.u. has been prepared. Magneti-
zation measurements along the main symmetry directions of the tetragonal structure have been performed on
HoFe11TiHx (x50,1) 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 HoFe11TiHx (x50,1) 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 parameterA2

0 (A2
05220.5 Ka0

22 for HoFe11Ti and A2
05

2118 Ka0
22 for HoFe11TiH).

DOI: 10.1103/PhysRevB.63.134420 PACS number~s!: 75.30.Gw
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One of the most important recent developments in
field of magnetism and magnetic materials has been the
alization that improvement in magnetic properties can
achieved by introducing into the intermetallic compoun
crystalline lattice of light interstitial elements~hydrogen, ni-
trogen, carbon!. This is particularly necessary for powerfu
magnet materials such as theR2Fe14B, R2Fe17, and also
materials characterized by the formulaRFe122xTx (T5Al,
Ti, V, Cr, Mo, W, and Si! with tetragonal crystal structure o
the ThMn12 type. The compounds of the last group exhi
all peculiarities of the magnetic properties of rare-earth
termetallics with high 3d metal content from the structura
viewpoint being much more simple than earlier mention
related compounds (R2Fe14B and R2Fe17). The crystallo-
graphic structure of the ThMn12 type presents only one high
symmetry (I4/mmm) site for the rare-earth ions, thus elim
nating all possible competition between different rare-ea
sites.

The origin of magnetocrystalline anisotropy energy
these compounds is believed to be directly related to an
teraction between the 4f electrons and the crystal field. Th
interaction can be fully described by the crystal electric fi
~CEF! parameters. Examples of crystal-field analysis of
experimental behavior of single-crystal samples can be fo
for R2Fe14B,1–3 R2Fe17,4 and also for theRFe122xTx ~in the
case whereT5Ti and x51).5,6 Until now no single crystals
of the hydrogen containing compounds were available. H
drides of the anisotropic materials with high 3d metal con-
tent have been systematically investigated only on a p
crystalline samples.7–9

We have prepared theRFe11TiHx hydrides without de-
crepitation of the single-crystal samples.10 In this work we
have investigated two fundamental aspects of the hydro
nated materials. These are the effect of hydrogen intersti
on the~i! crystalline electric field and~ii ! exchange interac
tions. We will focus our study on HoFe11Ti intermetallic
since well characterized and good quality single crys
were obtained.

Details of single crystal preparation have been descri
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previously in Ref. 11. Purified hydrogen obtained by deco
position of LaNi5Hx was used for hydrogenation. The samp
was activated atT5473 K in a vacuum and then hydroge
nated at the same temperature under a hydrogen pressu
33105 Pa. The obtained single crystal hydride w
HoFe11TiHx at x'1. The concentration of absorbed hydr
gen in the samples was calculated using the Van der W
equation and additionally was measured by full burni
method.

X-ray diffraction experiments with CuKa radiation were
made for the phase identification both of the parent co
pounds and their hydrides and to determine unit cell para
eters. The samples were used in the shape of a disk
sphere approximately 3–4 mm in diameter. Thermomagn
analysis~TMA ! was used to measure the Curie temperat
in a field of 1 kOe. The magnetic measurements were car
out in temperature range 4.2–300 K and in magnetic field
to 80 kOe on standard equipment. Torque measurem
were carried out in the the temperature range 77–700 K
magnetic fields up to 13 kOe on single crystals. All the d
were corrected for the demagnetizing field.

HoFe11Ti compounds was found to be crystallized in th
tetragonal ThMn12-type structure. Lattice constantsa andc,
unit cell volumeV are listed in Table I. It was observed th
the hydrogenation leads to a lattice expansion of the co
pounds without change of the tetragonal structure of
ThMn12 type. Thec/a ratio of the host alloys at room tem
perature was determined to be slightly reduced upon hyd
genation. This indicated that hydrogen expanded the lat
more along thea axis than thec axis. A neutron diffraction
investigation12 showed that hydrogen occupies the octah

TABLE I. Crystallographic data of the HoFe11Ti compound and
its hydride.

Compound a ~nm! c ~nm! c/a V (nm3) DV/V(%)

HoFe11Ti 0.846 0.475 0.5615 0.3399
HoFe11TiH 0.850 0.476 0.5600 0.3439 1.1
©2001 The American Physical Society20-1
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dron 2b sites in the HoFe11Ti lattice. The relative cell vol-
ume increasesDV/V, also shown in Table I, shows a consi
tent ;1.1% volume expansion over the hydrogen-free u
cell.

The compounds HoFe11Ti and HoFe11TiH are ferrimag-
nets with a Curie temperatureTC of 518 and 561 K, respec
tively. Curie temperaturesTC and saturation magnetization
sS of the HoFe11Ti compounds and its hydride are listed
Table II.

It is known thatTC is very sensitive to the Fe-Fe distanc
and theTC increase after hydrogenation is attributed to t
increase of the exchange interaction between 3d ions. The
saturation magnetization was enhanced upon hydrogena
~see Table II!. Arnold et al.13 reported that, on the contrary,
decrease of the magnetization of HoFe11Ti compounds with
pressure was observed. In addition to the size effect,
change of saturation magnetization may be conditioned
the transformation of electronic structure of the HoFe11Ti
intermetallic compound.

Magnetocrystalline anisotropy is one of the most imp
tant intrinsic magnetic properties. In the HoFe11Ti com-
pounds Boltichet al.14 found a second-order SRT from a
‘‘easy axis’’ to an ‘‘easy cone’’ atTSRT552 K, but several
authors5,6,15 reported that the easy magnetization direct
~EMD! remains along thec axis in the whole magnetic or
dering temperature range. Our measurements on single
tals confirm the latter view. Such a behavior is consist

FIG. 1. Magnetization isotherms for the HoFe11Ti single crystal
for the magnetic field applied along the three main symmetry dir
tion at T54.2 K ~the lines is calculated!.

TABLE II. Magnetic data of the HoFe11Ti compound and its
hydride.

Compound

sS , emu/g

TC ,
K

TSR,
K

Easy direction
of magnetization

T54.2 K T5300 K
T54.2

K
T5300

K

HoFe11Ti 75.6 84.5 518 axial axial
HoFe11TiH 83.3 93 561 140 cone axial
13442
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with large variation of the SRT temperatureTSRT observed
by varying the Ti content in titanium-stabilizedRFe122xTix
compounds~see Ref. 16!. We investigated single crystal
obtained by means of x-ray microanalysis using Cameca
stallation. The x-ray microanalysis of the samples reve
that they correspond to the formula Ho1.03Fe11Ti0.96. Thus
small deviations from nominal composition were found.

The experimental isotherms for the HoFe11Ti and its hy-
dride have been obtained at some selected temperatures~4.2,
40, 80, 120, 160, 200, and 300 K!. Figures 1 and 2 show, fo
example, the isotherms obtained from the magnetiza
measurements for HoFe11Ti single crystal and its hydride
correspondingly, for the magnetic field applied along t
three main symmetry directions@100#, @110#, and @001# at
T54.2 K. The easy magnetization direction corresponds
the @001# axis for HoFe11Ti. A field-induced first-order mag-
netization process~FOMP! in a hard-magnetization directio

-

FIG. 2. Magnetization isotherms for the HoFe11TiH single crys-
tal for the magnetic field applied along the three main symme
directions atT54.2 K ~the lines is calculated!.

FIG. 3. Torque curves for single crystal hydride HoFe11TiH at
several selected temperatures:T590, 115, 135, 300 K atH512
kOe.
0-2
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is observed. There exists a strong MCA in the basal pla
Drastic changes in the magnetization are observed after
interstitial element insertion, which indicated the comp
cated magnetic structure of single crystal HoFe11TiH hy-
dride.

Torque magnetometry was used to study the MCA beh
ior. The temperature variation of the observed torque cur
L(u), for HoFe11TiH ~010!—disk specimens are shown i
Fig. 3, whereu is the angle betweenc axes and the magne
tization vector. From this figure it is seen that the shape
the torque curves at high temperatures are quite diffe
from those at low temperatures. AtT5300 K the shape of
torque curve was a typical uniaxial type~@001# and@110# are
the easy and hard directions, respectively!, while that at low
temperatures (T590– 135 K! was more complicated. Th
easy axis determined as the intercept of theu axis and the
curveL(u) where. HereL(u) changes from positive to nega
tive with increasingu. Thus, the temperature variation of th
easy magnetization axis is immediately seen from Fig. 4.
solid line in Fig. 4 is calculated using formula~A5! repro-
duced in Ref. 17. The spin reorientation occurs as a sec
order transition atTSRT5140 K.

Theoretical calculations were made to explain this anis
ropy behavior. The method used to analyze the data is
mean-field approximation including exchange and crys
field interaction, which was successfully applied and fu
described for HoFe11Ti in Ref. 6. The exchange fieldHex(0)
and crystal field parametersAn

m , whereAn
m5Bn

m/un^r
n& (un

are the Stevens coefficients and^r n& are the Hantree-Fork
radial integrals! used to fit the experimental data for magn
tization isotherms are shown in Table III.

FIG. 4. Comparison of the experimental and calculated angu
of spin reorientation@the line is calculated using formula~A5! re-
produced in Ref. 17#.
su
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A comparison of the experimental results shown in Figs
and 2~open circles! with calculated data~solid lines! clearly
shows that the model using five crystal field parameters d
an excellent job of reproducing the experimental results. T
main feature that emerges, confirming previous investi
tions, is the small value of the second-order crystal-field
rameters forRFe11Ti and hence the importance of highe
order terms. The value ofA2

05220.5 Ka0
22 for HoFe11Ti,

which can be contrasted to the value ofA2
05300 Ka0

22 for
R2Fe14B compounds.

From these results the following comments can be ma
~i! Hydrogenation leads to a small increase (;10%) of the
4 f -3d exchange interaction.~ii ! Hydrogen atoms has bee
found to have a significant effect on the second-order cry
field parameterA2

0 (A2
052118 Ka0

22 for HoFe11TiH). This
fact is not surprising since both hydrogen and nitrogen ato
enter into the 2b interstitial sites in ThMn12-type structure.
The contribution of neighboring nitrogen ions to secon
order crystal-field parameterA2

0 are positive and large@A2
0

585 Ka0
22 for HoFe11TiN ~see Ref. 18! these data have bee

obtained on polycrystalline samples#, while more negative
value of A2

0 is derived for the hydride than for the initia
single crystals.

Interstitial hydrogen atoms occupy sites adjacent
the rare earth along the tetragonalc axis creating a strong
change of crystal field at the position ofR ions. On the other
hand, R ions have asymmetric 4f electronic shell, which
orientation depend on symmetry and value of crystal fie
Interaction between orbital moment of 4f shell and cry-
stal field modified by hydrogenation causes strong cha
of magnetic anisotropy, which was observed in our expe
ment.

We are very grateful to K.P. Skokov, V.V. Zubenko, I.V
Telegina, and W. Suski for the preparation and control of
single crystals, and V.N. Verbetsky and A.A. Salamova
hydrogenation of the sample. The work has been suppo
by the Federal Program on Support of Leading Scient
Schools 00-15-96695 and RFBR Grant No. 99-02-17821

TABLE III. Crystal electric field coefficientAn
m ~in Ka0

2n units!
and exchange field between 3d and 4f sublatticesmBHex ~in K
units!. The data of the HoFe11Ti compound have been reported
Ref. 6.

Compounds A2
0 A4

0 A6
0 A4

4 A6
4 mBHex(0)

HoFe11Ti 220.5 211.1 5.02 2153.2 20.81 100
HoFe11TiH 2118.0 28.6 1.4 2200.0 20.85 112
d
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