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Crystal-field analysis of the magnetic properties measured on a Ho2Co15Si2 single crystal
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We have measured the magnetic properties of a Ho2Co15Si2 single crystal in the temperature range 5–350 K
with magnetic fields applied on the free crystal and along three major crystallographic directions of the fixed
crystal. The temperature dependence of the magnetization measured on the free crystal shows that the Ho and
Co moments compensate at 35 K, and continuous plane-cone-axis spin-reorientation transitions take place in a
certain temperature range above room temperature. The field dependence of the total magnetization shows
strong differences when measured along the three main crystallographic directions. In particular, this is the case
at low temperatures where the magnetic isotherms are indicative of field-induced magnetic phase transitions.
The magnetic isotherms at high temperatures show a marked magnetization anisotropy. We have analyzed our
data, especially the field-induced and temperature-induced magnetic phase transitions in terms of a two-
sublattice model in which the molecular-field interaction, the crystal-field interaction, and the moment anisot-
ropy are important ingredients. A set of crystalline-electric-field parameters as well as the Ho-Co exchange
field has been determined for the Ho2Co15Si2 single crystal by fitting the experimental results with model
calculations. The calculated magnetic behavior shows a good agreement with the experimental results in the
temperature range presently studied, demonstrating the reliability of the determined parameters. It has been
found that the Ho moment changes slightly in value during the spin-reorientation transition, and that there is a
distinct magnetization anisotropy in the magnetic isotherms at high temperatures. These phenomena are inti-
mately related to the marked direction dependence of the Ho moment.

DOI: 10.1103/PhysRevB.65.224409 PACS number~s!: 75.10.Dg, 75.30.Gw, 75.50.Gg, 75.60.Ej
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I. INTRODUCTION

The magnetic properties of rare-earth–transition-me
(R-T) intermetallics have attracted intensive studies,
cause of their great potential for application. Several in
esting temperature-induced and field-induced phenom
such as spin-reorientation transitions~SRT’s!, moment com-
pensation, first-order moment reorientations, and mom
bending sometimes occur inR-T compounds. Investigation
of these phenomena usually reveals the intrinsic propertie
the compounds, which is helpful for a better understand
of the magnetism ofR-T systems. The change of the ma
netic properties ofR2Co17-type compounds upon Si subst
tution has been an interesting topic in this field.1–3 Investi-
gation of polycrystalline Ho2Co172xSix compounds has
indicated that the compound withx52 exhibits various in-
teresting magnetic phenomena.2 In order to obtain a clea
understanding of these phenomena and of the influenc
substitution of Si for Co, a detailed investigation of the ma
netic properties of a Ho2Co15Si2 single crystal would be of
great significance.
0163-1829/2002/65~22!/224409~10!/$20.00 65 2244
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In a previous investigation,4 a brief report on the magneti
properties of a Ho2Co15Si2 single crystal was given. The
easy magnetization direction~EMD! was found to be paralle
to the c axis in an extended temperature region below
Curie temperature. According to the anomaly in the tempe
ture dependence of magnetization measured in a low fiel
discontinuous plane-axis SRT was thought to take place
323 K with increasing temperature. Comparing these res
with those obtained previously on variousR2Co17 single
crystals5 revealed that Si substitution leads not only to a s
reversal of the Co-sublattice anisotropy but also to a subs
tial anisotropy of the saturation magnetization. The sign a
magnitude of the magnetization anisotropy were conser
during the spin-reorientation transition. A later investigati
performed on a single crystal of Y2Co15Si2 pointed out that
only 32% of the anisotropy of the saturation magnetization
Ho2Co15Si2 can be attributed to the Co sublattice.6 Prelimi-
nary crystal-field calculations made for the latter compou
indicated that the strong directional dependence of the
moment in Ho2Co15Si2 is the cause of the remaining larg
part of the magnetization anisotropy. The marked sensitiv
©2002 The American Physical Society09-1



a
e
l-
ul

fo
. I
en
.
io

h
to
-
ng

ri
a
tu

lo
to
r.

e

in

5 K
ra-

ice

the
d
ith
lso
tem-
hen

ture.
ain
ul-
tion
ive
he
m-
eri-

ra-
n in
field
be
f a

o-

l-
e

on
end

e

at

oo
ur

d on

led

on
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of the Ho moment to crystal-field effects led us to perform
more detailed crystal-field analysis of the magnetic prop
ties of the Ho2Co15Si2 single crystal. These crystal-field ca
culations together with some interesting experimental res
will be presented in this paper.

The remainder of the present paper is organized as
lows. The experimental procedure is described in Sec
Section III gives experimental results. In Sec. IV, we pres
the theoretical outline of the calculation method, and Sec
gives calculation results of the crystal-field analysis. Sect
VI is for concluding remarks.

II. EXPERIMENT

A single-crystalline rod of Ho2Co15Si2 was grown by
means of a modified triarc Czochralski technique. T
sample cut from this rod was shown by x-ray diffraction
have a rhombohedral Th2Zn17 structure. Electron probe mi
croanalyzer examinations made on various parts of the si
crystal confirmed the nominal composition.4

The magnetic measurements were made on a sphe
sample of 2.9-mm diameter using a superconducting qu
tum interference device magnetometer in the tempera
range 5–350 K. The anisotropic properties were studied
magnetic fields up to 5 T applied along various crystal
graphic directions. For measurements in higher fields, up
T, we used an Oxford Instruments Maglab magnetomete

III. EXPERIMENTAL RESULTS

A. Measurements on a free single crystal

The temperature dependence of the magnetic mom
measured on the free single-crystalline Ho2Co15Si2 sphere is
shown in Fig. 1. The measurement was performed with

FIG. 1. Temperature dependence of the magnetic moment m
sured in a field of 0.05 T on a free sphere of a Ho2Co15Si2 single
crystal. The measurements were made with increasing temper
after the crystal was cooled to 5 K in the samefield. The inset
shows data obtained with increasing temperature without field c
ing ~filled squares! and data obtained with decreasing temperat
~open triangles!.
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creasing temperature after the crystal had been cooled to
in the presence of a magnetic field of 0.05 T. In the tempe
ture region below 100 K, theM -T curve reflects the feature
of antiparallel coupling between the Co- and Ho-sublatt
moments. A compensation temperature is evident atTcomp
535 K. The compensation point was not observed in
previous investigation,4 where the single crystal was coole
to 5 K in zero field and the measurement was made w
increasing temperature. As shown in the inset of Fig. 1, a
in the present measurement there is no compensation
perature under such circumstances, but it is observed w
the measurement is performed with decreasing tempera
The reason for this is the development of a multidom
structure in the sample when cooling in zero field. This m
tidomain structure leads essentially to zero net magnetiza
when the measuring field is much smaller than the coerc
field. Cooling the crystal in an external field can retain t
single-domain structure that is easily formed at high te
peratures at low temperatures, which is important for exp
mentally observing the compensation point.

The presence of a multidomain structure at low tempe
tures is also manifest from the magnetic isotherms show
Fig. 2. These isotherms were measured with decreasing
strength. By minimizing the free-energy expression, it can
shown that the low-temperature magnetization curve o
free single crystal comprises three regions.7 Below the criti-
cal field strengthB1,crit5nHoCouMHo2MCou, there is a strictly
antiparallel alignment of the Ho moments and the Co m
ments:M5uMHo2MCou. At sufficiently high values of the
applied field,B.B2,crit , the Ho and Co moments are para
lel: M5MHo1MCo. The latter situation is not reached in th
present experiments. In the intermediate field range,B1,crit
,B,B2,crit , there exists a canted-moment configurati
where the Ho- and Co-sublattice moments increasingly b
toward each other with increasingB. In this region, the field

a-

ure

l-
e

FIG. 2. Field dependence of the magnetic moment measure
a free sphere of a Ho2Co15Si2 single crystal with decreasing field
strength. The 5-K isotherms were obtained on a zero-field-coo
sample~open squares! and on a sample cooled to 5 K in a field of
0.05 T~open circles!. The 35- and 45-K isotherms were obtained
zero-field-cooled samples.
9-2
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CRYSTAL-FIELD ANALYSIS OF THE MAGNETIC . . . PHYSICAL REVIEW B65 224409
dependence of the total moment is given byM5B/nHoCo.
From the slope of theM -B curve in this intermediate linea
regime, one can therefore straightforwardly determine
experimental value of the molecular-field coefficientnHoCo
from which then the intersublattice coupling-constantJHoCo
can be obtained. This linear intermediate regime is reache
all three temperatures considered in Fig. 2. From the slo
which is practically the same at all three temperatures, sh
ing that the intersublattice-coupling constant does not dep
much on temperature, one obtainsnHoCo52.33 T f.u./mB
~f.u. means a formula unit! andJHoCo527.0 K. Concentrat-
ing on the three field-cooled~FC! isotherms, the curve ob
tained at Tcomp535 K passes through the origin becau
B1,crit5nHoCouMHo2MCou is zero at the compensation tem
perature. On both sides ofTcomp the net magnetic momen
increases and consequently the critical fields are nonzer
these cases. In contrast with this expected behavior,
found that the 5-K isotherm measured after the zero-fi
cooling does not show a break marking the critical field b
passes through zero. This behavior is attributed to the p
ence of a multidomain structure and strong magnetic ani
ropy in the basal plane at 5 K. The strong in-plane anisotr
forces the Ho and Co moments to bend along thec direction,
not in the plane. Because the EMD is in the basal plane,
domain walls are parallel to thec direction. The bending
along thec direction makes the field parallel to the doma
walls, i.e., thec direction. Therefore, the multidomain stru
ture in the crystal can be retained, even if the field is
creased to 5 T. In this case, the magnetization measure
fields aboveB1,crit should be the same as that in the case o
single-domain structure obtained by field cooling the crys
However, when the field is belowB1,crit the magnetization
will decrease to zero if the field decreases to zero in the c
of a multidomain structure, while it will keep the value o
M5uMHo2MCou in the case of a single-domain structur
The slight slope of the 5-K FC isotherm belowB1,crit is due
to the field dependence of the Ho moment. As to the i
therms at 35 and 45 K, the magnetization curves do
depend on the cooling process. This means that the crys
magnetically soft above the compensation temperature
that the external field can easily realize a single-dom
structure in the crystal.

Returning to Fig. 1, it is interesting to note that a sm
discontinuity in the thermal magnetization curve exists
323 K. At high temperature, the easy-axis anisotropy of
Co sublattice dominates the easy-plane anisotropy of the
sublattice.1–3 Therefore, one deduces that the small disco
nuity in the thermal magnetization curve may imply a d
continuous plane to axis SRT at 323 K in Ho2Co15Si2 .4

However, it is worth mentioning that the flat thermal beha
ior of the moment above 100 K suggests that a measu
field of 0.05 T is not sufficient to form a single-domain stru
ture in the crystal at high temperature. The reason for thi
that the increase of the net moment causes a demagnet
field higher than the measuring field of 0.05 T at high te
perature. In order to avoid the influence of the demagnetiz
field and to determine the real thermal behavior of the
moment at high temperature, the thermal curve was a
measured in a field of 1 T~see Fig. 3!, which is much larger
22440
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than the demagnetizing field. In this case, the anomal
thermal behavior of the net moment in the temperature ra
from about 305 to 320 K indicates that the SRT from ea
plane to easy axis is not of first order but proceeds by a sm
intermediate easy-cone range. A detailed crystal-field an
sis tells us that the anomalous thermal behavior of the
moment in the spin-reorientation temperature range co
from a marked direction dependence of both the Ho- a
Co-sublattice moments, as will be discussed in detail late

B. Measurements in different crystallographic directions

Magnetic isotherms measured in the three main crysta
graphic directions in the temperature range 100–350 K
displayed in Fig. 4. The isotherms in the two top pan
confirm the change of EMD from the basal plane to thec
axis with increasing temperature from 300 to 350 K. T
magnetization anisotropy is distinct, that is, the saturat
moment along thec axis is always larger than that in th
basal plane direction, irrespective of the occurrence o
SRT. The results in the four lower panels in Fig. 4 show t
magnetic hardness of the basal plane direction strongly
creases with decreasing temperature. The results in the
lowest panels also show that magnetic anisotropy deve
within the basal plane with decreasing temperature.

In order to further investigate the development of anis
ropy within the basal plane, we have measured comp
hysteresis loops at various temperatures below 100 K. Th
measurements were made with the field applied along
@100# ~a! direction as well as along the@210# ~b! direction.
Results are shown in Figs. 5~a!–5~e!. It is worth noting that
the crystal is magnetically soft above the compensation t
perature, and becomes hard below this temperature. This
plains why the magnetization curve of the free single crys
at 5 K strongly depends on the cooling process. A point
considerable interest is the occurrence of jumplike chan
in the isotherms. At 5 and 20 K, these changes are restri

FIG. 3. Temperature dependence of the magnetic moment m
sured in a field of 1 T on a free sphere of a Ho2Co15Si2 single
crystal. The measurements were made with increasing temper
after the crystal was cooled to 5 K in zero field.
9-3
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MING-HUI YU et al. PHYSICAL REVIEW B 65 224409
to the a direction. At 65 K, it is only theb isotherm that gives
rise to a jumplike change. Both thea andb isotherms display
such a change at 50 K. However, no change can be obse
in thea or b isotherms at 35 K. In order to be able to offer
reasonable explanation for the complex experimental d
the crystal-field theory in combination with a two-sublatti
molecular-field model were employed to perform the the
retical analysis.

IV. THEORETICAL OUTLINE

Ho2Co15Si2 has a Th2Zn17-type rhombohedral structur
with space groupR3̄m. In the coordinate system with thez
andx axes along thec anda axes, respectively, the single-io
crystal-field HamiltonianHCF experienced by the Ho ion
takes the form8

HCF5(
n

(
m

Bn
mOn

m5B2
0O2

01B4
0O4

01B6
0O6

01B6
6O6

6,

~1!

whereBn
m5um^r m&An

m , and whereum represents the Steven
coefficients~aJ , bJ , and gJ for m52, 4, and 6, respec
tively!, ^r m& are the Hartree-Fock radial integrals, andAn

m

are the crystalline-electric-field~CEF! parameters.

FIG. 4. Field dependence of the magnetic moment of
Ho2Co15Si2 single crystal, measured with decreasing field at va
ous temperatures in the three main crystallographic directio
There is a deviation of 4° from thec direction. The full curves
through the data points are the result of crystal-field calculation
22440
ed
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-

The total Hamiltonian of the Ho ion consists of three ma
contributions: the electrostatic CEF interaction, the Ho-
exchange interaction, and the Zeeman energy, that is,

HR5HCF12~gJ21!J•Bex1gJJ•B, ~2!

where J is the total angular moment of the Ho ion. Th
Ho-Ho exchange interaction, which is much weaker than
Ho-Co exchange interaction, is neglected. The excha
field Bex(T) is assumed to be proportional and antiparallel
the magnetic moment of the Co sublatticeMCo(T), so one
easily obtains

J•Bex52Bex~Jx sinuCocosfCo1Jy sinuCosinfCo

1Jz cosuCo!, ~3!

uCo and fCo are the polar and azimuthal angles of the C
moment with respect to thec axis and thea axis, respec-
tively. As observed in Y2Co15Si2 ,6 we have to consider the
non-negligible anisotropy in the modulus of the Co mome
which can be expressed in manner9,10

MCo~T,uCo!5MCo~T!~12p sin2 uCo!, ~4!

wherep50.01.6 The third term in the total Hamiltonian ca
be written as

J•B5B~Jx sinuB cosfB1Jy sinuB sinfB1Jz cosuB!,
~5!

whereuB andfB are the polar and azimuthal angles of t
external field with respect to thec anda axes, respectively.

For a given applied fieldB and a direction ofBex, the
eigenvaluesEi and the eigenfunctionsui! are obtained by
diagonalizing the (2J11)3(2J11) matrix of the total
Hamiltonian in theuJ,m& representation:11

u^LSJm8uHRuLSJm&2Eidm8mu50,

m,m852J,12J,...,J21,J, ~6!

HRu i &5Ei u i &, i 51,2,...,2J11, ~7!

u i &5 (
m52J

J

am
i uJ,m&, (

m52J

J

uam
i u251. ~8!

The free energy of the Ho2Co15Si2 is given by

F522kBT lnZ1K1Cosin2 uCo1K2Cosin4 uCo2MCo•B,
~9!

Z5 (
i 51

2J11

exp@2Ei /kBT#, ~10!

whereZ is the partition function of the Ho ion, andK1Co and
K2Co are the anisotropy constants of the Co sublatti
K1Co(T/Tc) and K2Co(T/Tc) are taken the same as fo

a
-
s.

.
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FIG. 5. Hysteresis loops of a Ho2Co15Si2 single crystal measured in thea andb directions in a temperature range between 65 and 5
o

Y2Co15Si2 .6 The equilibrium direction ofBex is determined
from a minimization of the free energy. The magnetic m
ment of the Ho ion is thus given by

Mg52 (
i 51

2J11

~ i uJgu i !gJ exp@2Ei /kBT#/Z, g5x,y,z.

~11!
22440
-
The total magnetic moment of the compound Ho2Co15Si2
along the field direction is given by11

M ~B!52~Mx sinuB cosfB1M y sinuB sinfB1Mz cosuB!

1MCo@sinuCosinuB cos~fCo2fB!

1cosuCocosuB#. ~12!
9-5
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V. CRYSTAL-FIELD ANALYSIS

In this section, we shall use the well-established theor
cal two-sublattice crystal-field model8–11 described above to
interpret the unusual magnetic phenomena observed ex
mentally. In the crystal-field fitting process, the Co mome
the exchange field and the crystal-field parameters w
taken as adjustable quantities. All the data analyzed by
crystal-field theory have been corrected for demagnetiza
effects,Hi is the internal field and the demagnetization fac
is considered to be13 for the sphere crystal. As input crysta
field parameters we used the values reported for Ho2Co17 by
Han et al.8 ~A2

052134.3Ka0
22, A4

05213.6Ka0
24, A6

0

50.58Ka0
26, andA6

65219.4Ka0
26!. The final values of the

parameters that led to the optimum fit with our experimen
data are MCo(0)519.4mB /f.u., Bex(0)576.0 K, A2

0

FIG. 6. Temperature dependence of the Co-sublattice mom
measured for Y2Co15Si2 ~open squares!, and the temperature depen
dence of the Co-sublattice moment per formula unit in Ho2Co15Si2
as derived from the crystal-field calculation~open circles!.

FIG. 7. Temperature dependence of the spontaneous total
netic moment of Ho2Co15Si2 as derived from the crystal-field ca
culation.
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52182.0Ka0
22, A4

055.0Ka0
24, A6

050.6Ka0
26, and A6

6

5220.0Ka0
26. The substitution of Si for Co changes man

parameters used in the theoretical model, such as the cry
field parameters, the Co moment, the Co moment anisotr
the Ho-Co exchange field and so on. In Fig. 6, the results
the crystal-field fit show that the Co-sublattice moment
Ho2Co15Si2 decreases a little faster than that in Y2Co15Si2
with increasing temperature. This may comes from a sli
decrease of Co-Co exchange interaction due to the subs
tion of Ho for Y in R2Co17-type compounds. That is why th
Curie temperatures 1195 K of Ho2Co17

2 and 837 K of
Ho2Co15Si2

4 are almost the same as those 1192 K of Y2Co17
1

and 836 K of Y2Co15Si2
6, respectively, even if the substitu

tion of Ho for Y brings about Ho-Co exchange interactio
The substitution of Si for Co decreases the Curie tempera
rapidly at an approximate rate of 178 and 179 K per Si at
for the Ho2Co172xSix and Y2Co172xSix compounds,
respectively.1,2 The effect of magnetic dilution and the de

nt

g-

FIG. 8. Temperature dependence of the Co-sublattice mom
direction relative to thec direction in Ho2Co15Si2 as derived from
the crystal-field calculation.

FIG. 9. Temperature dependence of the Ho-sublattice mome
Ho2Co15Si2 as derived from the crystal-field calculation.
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CRYSTAL-FIELD ANALYSIS OF THE MAGNETIC . . . PHYSICAL REVIEW B65 224409
crease of the Co-Co exchange interaction and the Co
ment per atom result in the rapid decrease ofTc with increas-
ing Si concentration. It is worth noting that the substituti
of Ho for Y in R2Co15Si2 does not change the Co moment
absolute zero temperature. The same case has also
found inR2Co17 compounds.8 In comparison with 1.7mB per
atom in metallic Co, the formation ofR2Co17 slightly de-
creases the Co moment to 1.63mB per atom, and the discrep
ancy of influence from different rare earths is negligibl8

However, the substitution of Si for Co leads to a mark
decrease of Co moment to 1.29mB per atom inR2Co15Si2 at
a rate of 0.17mB per Si atom. It is well known that the larg
spatial extent of 3d wave functions leads to the 3d-electron
energy band rather than to the 3d level. Therefore, the
change of the 3d-band structure by the substitution of Si an
a transfer of the outer electrons of Si to the 3d band are
responsible for the evident effect of Si on magnetic mom
per Co atom. The detailed discussion was given in Re
about the fitting to the Bloch’s law for the temperatu
dependence of Co moment in Y2Co15Si2 . The full line in

FIG. 10. Field dependence of the Ho-sublattice moment
Ho2Co15Si2 at ~a! 300 K and~b! 350 K as derived from crystal-field
calculations for magnetic fields applied along the three major c
tallographic directions.
22440
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Fig. 6 is a fit to the data using the expressionMS(T)
5MS(0)@12b(T/TC)n#, with b50.23 andn53/2.6 This is
in good agreement with theT3/2 law of a very low tempera-
ture spin-wave approximation as discussed quantitatively
Dyson.12

According to the optimum crystal-field fit, the calculate
temperature dependence of the total momentM of
Ho2Co15Si2 is shown in Fig. 7. These data compare well w
the experimental results of the low-temperature part in Fig
and the high-temperature part in Fig. 3. The Ho- and C
sublattice moments theoretically compensate at 35 K, wh
agrees very well with the experimental result. Calculated
tails of the SRT are displayed in Fig. 8. The change in EM
takes place in the temperature region between 323 and
K, which is at slightly higher temperatures than observ
experimentally~Fig. 3!. The explanation for this difference i
that the calculation is performed for zero field, whereas
experiment has been carried out in a field of 1 T. The cal
lated temperature dependence of the Ho-sublattice mome
shown in Fig. 9. The interesting feature is that, in the sp
reorientation temperature range, the Ho-sublattice mom
decreases slightly in value when the dominant Co-sublat
anisotropy forces the Ho moment away from their easy m
ment direction. The deviating thermal behavior of the H
moments in the spin-reorientation temperature range in
cates that the Ho moment has the remarkable direction
pendence. At high temperature, the easy-axis anisotrop
the Co sublattice dominates the easy-plane anisotropy of
Ho sublattice. The competition between the two oppos
anisotropies results in the spin-reorientation transition fr
an easyb axis to an easyc axis with increasing temperature
The crystal-field calculation shows that the transition is
second order; an easy-cone spin configuration exists in
spin-reorientation temperature range. The Co-sublattice
ment increases and the Ho-sublattice moment decre
when they change from ab axis to ac axis. Therefore, when
the spin-reorientation transition takes place, the antipara
arrangement of the Ho- and Co-sublattice moments gi
rise to a large step in the thermal curve of the total mome
as shown in Figs. 3 and 7.

A comparison of the calculated~full curves! and experi-
mental~data points! field dependencies of the total mome
in the three main directions in the temperature range 10
350 K is presented in Fig. 4. The crystal-field calculation
in good agreement with the experimental result. The satu
tion magnetization anisotropy can be well reproduced by
crystal-field calculation, both before and after the SRT. F
ures 10~a! and 10~b! display the field dependence of the H
sublattice moment in Ho2Co15Si2 at 300 and 350 K, respec
tively, which is derived from crystal-field calculations fo
magnetic fields applied along the three major crysta
graphic directions. At 300 K, the Co- and Ho-sublattice m
ments are in theb direction at zero field. When the field i
applied along theb direction, the Co-sublattice moment wi
be parallel to the field and the Ho moment antiparallel to
field. Owing to the antiparallel arrangement of the H
sublattice moment and the field, an increase of the field w
reduce the Ho moment. No difference exists in the field
pendence of the Ho moment with the field along thea andb

n

s-
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FIG. 11. Field dependence of the total moment in Ho2Co15Si2 in a temperature range between 65 and 5 K asderived from crystal-field
calculations for magnetic fields applied along the crystallographica, b, andc directions. There is a deviation of 4° from thec direction. Some
examples of the moment arrangement in the lowest-energy configuration are shown in diagrams in cases of H parallel to thea or b directions.
The six crystallographically equivalent directions shown in the diagrams correspond to theb direction. The experimental data are represen
by open symbols.
b
a
n
it

n
r is

e

directions. The reason is that the in-plane anisotropy
comes negligible at high temperatures. When the field is
plied along thec direction, below the anisotropy field, a
additional strong decrease of the Ho moment occurs, as
22440
e-
p-

is

forced into thec direction. This is due to the strong directio
dependence of the Ho moment. The opposite behavio
found aboveTSR as shown in Fig. 10~b!. In zero applied
field, all moments are in thec direction and there is som
9-8
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increase in the Ho moment when it is turned into its ea
plane direction. In the isotherms~Fig. 4! representing the
easy direction in particular, one may note a small but ste
increase of the total moment with increasing field. Based
the results shown in Figs. 10~a! and 10~b!, this appreciable
differential susceptibility finds its origin in the reduction o
the Ho moments under the influence of the applied field.

We showed already in Figs. 5~a!–5~e! that the low-
temperature isotherms are more complicated and give ris
a substantial coercivity upon magnetization reversal. O
model does not include domain-wall dynamics, and henc
unable to describe the coercivity behavior. For this reas
we will only deal with a description of the isotherms in th
first quadrant measured with decreasing field. In the calc
tions we will also disregard any hysteresis accompanying
jump-like transitions observed in some of these isotherm

A comparison of the experimental and calculated data
temperatures in the interval 65–5 K is made in Figs. 11~a!–
11~e!. The full curves are the computational results, w
symbols representing the experimental data. We have
given examples of the moment arrangement in the low
energy configuration corresponding to the various parts
the calculated isotherms. These moment arrangements
represented in diagrams in which the orientation of the H
and Co-sublattice moments relative to the six crysta
graphically equivalentb directions is shown. In Fig. 11~a!, it
can be seen that theb direction parallel to the field direction
is preferred in low fields when the field is applied along t
b direction. However, no bending of the Ho and Co mome
towards each other occurs in this case, as indicated in
diagram shown at the bottom of the Fig. 11~a!. The total
moment increases initially more strongly when the field
applied along thea direction, since in this case the possibili
of moment bending exists. When the field applied along
b direction becomes sufficiently strong, the moments swi
from oneb direction to another one, as indicated in the d
gram shown at the top of Fig. 11~a!. The calculation shows
that this switching is accompanied by a sudden jump in
value of the total magnetization. However, the experimen
result is a gradual transition, which indicates that dom
formation is involved in the switching process. When t
applied field is along thea direction, no jump is observed
below a field of 9 T at 65 K. In low fields, the Co mome
turns into the field direction and the Ho moment turns aw
from the field direction, as indicated in the left diagram
Fig. 11~a!. But in high fields, the Ho moment turns into th
field direction and the Co moment turns away from it,
indicated in the right diagram of Fig. 11~a!. At 50 K @Fig.
11~b!#, a jump takes place in a field of 4.7 T when the field
along thea direction. This jump corresponds to a switchin
of the moments from the initialb direction to one that is
perpendicular to the field, as shown in the diagrams in F
11~b!. The jump in the isotherm with the field along theb
direction at 50 K has the same origin as that in Fig. 11~a!.
The jumps in the isotherms with the field along thea direc-
tion at 20 and 5 K have the same origin as that in Fig. 11~b!.
When the field is applied along thec direction at 50 and 5 K,
only simple moment bending is observed in Figs. 11~b! and
11~e!. No jumps are observed in the isotherms with the fi
22440
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along both thea andb directions at 35 K in Fig. 11~c!. This
temperature corresponds to the compensation tempera
with zero total moment in zero field. In the presence of
applied field, the lowest-energy configuration is reached
that particularb direction that is perpendicular to the fiel
direction or has an angle of 60° with it. This offers the ma
mum possibility for moment bending in the basal plane.
shown in the two diagrams in Fig. 11~c!, a strictly perpen-
dicular arrangement of the moments with respect to the fi
can only be reached when the latter is applied along tha
direction. This field direction consequently leads to high
values of the total moment than if the field is applied alo
theb direction. Finally, we wish to discuss the magnetizati
jumps calculated for thea direction around 4 T in the 20- an
5-K isotherms@Figs. 11~d! and 11~e! respectively#. These
field-induced magnetic transitions can be regarded as the
gin of the hysteresis observed above the coercivity in F
5~d! and 5~e!. Below the compensation temperature, t
crystal becomes magnetically harder with decreasing t
perature. The complicated domain formation at 5 K makes
the crystal-field calculation with the field applied along thea
direction deviate seriously from the experimental result wh
measured in fields lower than the transition field of 4 T.

VI. CONCLUDING REMARKS

We have shown that the magnetic properties of the co
pound Ho2Co15Si2 include several interesting phenome
such as field-induced and temperature-induced magn
phase transitions. Supplementing earlier findings, our res
show that the SRT at about 323 K does not proceed dire
from easy plane to easy axis but involves a small easy-c
range in between. We also showed that the anisotropy of
saturation magnetization is not exclusively due to the
sublattice but also originates for a large part from the
sublattice. We have been able to reproduce our experime
data in a satisfactory way by means of computational res
based on a combination of crystal-field theory and a me
field two-sublattice model. Through the optimum crysta
field fit, we obtained a set of reliable data relevant to t
intrinsic magnetic properties of Ho2Co15Si2 including CEF
parameters, the Ho-Co exchange field, and the Co-subla
moment. When comparing these values with those repo
in the literature for a Ho2Co17 single crystal,8 one finds that
not only the anisotropy of the Co sublattice but also the s
of the Co moment and the exchange field are changed by
substitution of Si for Co. As to the CEF parameters, there
hardly any change of the values ofA6

0 andA6
6. However, the

absolute value ofA2
0 is about 40% larger in Ho2Co15Si2 than

in Ho2Co17, while A4
0 has become much smaller an

changed its sign from negative to positive. All these chan
give rise to a distinct difference in the intrinsic magne
properties of Ho2Co17 and Ho2Co15Si2 . Furthermore, the
large in-plane coercivity at low temperatures and the stro
direction dependence of the Ho moment at high temperat
endow the Ho2Co15Si2 with some interesting and uncommo
magnetic phenomena.
9-9
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