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Crystal-field analysis of the magnetic properties measured on a H&0,5Si, single crystal
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We have measured the magnetic properties of gddg,;Si, 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 }@n,sSi, 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.
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[. INTRODUCTION In a previous investigatioha brief report on the magnetic
properties of a HgCo;sSi, single crystal was given. The
The magnetic properties of rare-earth—transition-metakasy magnetization directidBMD) was found to be parallel

(R-T) intermetallics have attracted intensive studies, beto thec axis in an extended temperature region below the
cause of their great potential for application. Several interCurie temperature. According to the anomaly in the tempera-
esting temperature-induced and field-induced phenomenéjre dependence of magnetization measured in a low field, a
such as spin-reorientation transitiof&RT’s), moment com- discontinuous plane-axis SRT was thought to take place at
pensation, first-order moment reorientations, and momer223 K with increasing temperature. Comparing these results
bending sometimes occur R-T compounds. Investigation with those obtained previously on variol&,Co,; single
of these phenomena usually reveals the intrinsic properties afrystals revealed that Si substitution leads not only to a sign
the compounds, which is helpful for a better understandingeversal of the Co-sublattice anisotropy but also to a substan-
of the magnetism oR-T systems. The change of the mag- tial anisotropy of the saturation magnetization. The sign and
netic properties oR,Co,-type compounds upon Si substi- magnitude of the magnetization anisotropy were conserved
tution has been an interesting topic in this fi&ld.Investi-  during the spin-reorientation transition. A later investigation
gation of polycrystalline HgCo;;_,Siy, compounds has performed on a single crystal of,€0,5Si, pointed out that
indicated that the compound with=2 exhibits various in- only 32% of the anisotropy of the saturation magnetization in
teresting magnetic phenomehan order to obtain a clear Ho,Co;sSi, can be attributed to the Co sublattft@relimi-
understanding of these phenomena and of the influence ofary crystal-field calculations made for the latter compound
substitution of Si for Co, a detailed investigation of the mag-indicated that the strong directional dependence of the Ho
netic properties of a H&o0,5Si, single crystal would be of moment in HgCo;5Si, is the cause of the remaining large
great significance. part of the magnetization anisotropy. The marked sensitivity
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FIG. 1. Temperature dependence of the magnetic moment mea- FIG. 2. Field dependenge qf the magnetic_ moment m_eaSL_lred on
sured in a field of 0.05 T on a free sphere of a,80,Si, single a free sphere of a H&0,;5Si, single crystal with decreasing field

crystal. The measurements were made with increasing temperatupd€n9th. The 5-K isotherms were obtained on a zero-field-cooled
after the crystal was coolea t5 K in the samefield. The inset ~Sémple(open squargsand on a sample cooled 6 K in afield of

shows data obtained with increasing temperature without field cool(-)'05 T(open circles The 35- and 45-K isotherms were obtained on

ing (filled squaresand data obtained with decreasing temperaturezem'f'e'd'COOIBd samples.
(open triangles
creasing temperature after the crystal had been cooled to 5 K

of the Ho moment to crystal-field effects led us to perform ain the presence of a magnetic field of 0.05 T. In the tempera-
more detailed crystal-field analysis of the magnetic properture region below 100 K, th&1-T curve reflects the feature
ties of the HeCo,sSi, single crystal. These crystal-field cal- of antiparallel coupling between the Co- and Ho-sublattice
culations together with some interesting experimental result;yoments. A compensation temperature is evident @t,,
will be presented in this paper. =35 K. The compensation point was not observed in the

The remainder of the present paper is organized as folprevious investigatio,where the single crystal was cooled
lows. The experimental procedure is described in Sec. Ilto 5 K in zero field and the measurement was made with
Section Il gives experimental results. In Sec. IV, we presenincreasing temperature. As shown in the inset of Fig. 1, also
the theoretical outline of the calculation method, and Sec. \in the present measurement there is no compensation tem-
gives calculation results of the crystal-field analysis. Sectiomperature under such circumstances, but it is observed when

VI is for concluding remarks. the measurement is performed with decreasing temperature.
The reason for this is the development of a multidomain
Il. EXPERIMENT structure in the sample when cooling in zero field. This mul-

tidomain structure leads essentially to zero net magnetization
A single-crystalline rod of HgCo;sSi, was grown by when the measuring field is much smaller than the coercive
means of a modified triarc Czochralski technique. Thefield. Cooling the crystal in an external field can retain the
sample cut from this rod was shown by x-ray diffraction to single-domain structure that is easily formed at high tem-
have a rhombohedral TEn,; structure. Electron probe mi- peratures at low temperatures, which is important for experi-
croanalyzer examinations made on various parts of the singléentally observing the compensation point.
crystal confirmed the nominal composition. The presence of a multidomain structure at low tempera-
The magnetic measurements were made on a sphericalres is also manifest from the magnetic isotherms shown in
sample of 2.9-mm diameter using a superconducting quarrig. 2. These isotherms were measured with decreasing field
tum interference device magnetometer in the temperaturetrength. By minimizing the free-energy expression, it can be
range 5-350 K. The anisotropic properties were studied ishown that the low-temperature magnetization curve of a
magnetic fields up to 5 T applied along various crystallo-free single crystal comprises three regidrelow the criti-
graphic directions. For measurements in higher fields, up to 8al field strengttB; ¢/i= Nocd MHo— M4, there is a strictly
T, we used an Oxford Instruments Maglab magnetometer. antiparallel alignment of the Ho moments and the Co mo-
ments:M=|My,—M¢4. At sufficiently high values of the

Ill. EXPERIMENTAL RESULTS applied field,B>B, ., the Ho and Co moments are paral-
A M ; ¢ inal al lel: M=M,,+M¢,. The latter situation is not reached in the
- vieasurements on a free single crysta present experiments. In the intermediate field rarBgy;

The temperature dependence of the magnetic momertB<B, .y, there exists a canted-moment configuration
measured on the free single-crystalline,B0o,5Si, sphere is  where the Ho- and Co-sublattice moments increasingly bend
shown in Fig. 1. The measurement was performed with infoward each other with increasigy In this region, the field

224409-2



CRYSTAL-FIELD ANALYSIS OF THE MAGNETIC. .. PHYSICAL REVIEW B65 224409

dependence of the total moment is given My=B/noco-
From the slope of thé1-B curve in this intermediate linear
regime, one can therefore straightforwardly determine the
experimental value of the molecular-field coefficient,c,
from which then the intersublattice coupling-constanic,

can be obtained. This linear intermediate regime is reached ¢ __ | 6&59
all three temperatures considered in Fig. 2. From the slope 2 S
which is practically the same at all three temperatures, show-g
ing that the intersublattice-coupling constant does not depen(s
much on temperature, one obtaimg,c,=2.33 Tf.u.jup AL
(f.u. means a formula uniandJy.c,= — 7.0 K. Concentrat- ZFC 17

12

O
. . . (@)
ing on the three field-cooled~C) isotherms, the curve ob- § Ho,Co,,Si,
tained atTgoy,,=35K passes through the origin because ey Free Sphere
B1.ciit= NHocd MHo— M is zero at the compensation tem- o oo , . , . , ,
perature. On both sides G, the net magnetic moment 0 100 200 300 400
increases and consequently the critical fields are nonzero it T (K)

these cases. In contrast with this expected behavior, it is
found that the 5-K isotherm measured after the zero-field FIG. 3. Temperature dependence of the magnetic moment mea-
cooling does not show a break marking the critical field butsured in a field of 1 T on a free sphere of a&80,sSi, single
passes through zero. This behavior is attributed to the pregrystal. The measurements were made with increasing temperature
ence of a multidomain structure and strong magnetic anisofter the crystal was cooled to 5 K in zero field.
ropy in the basal plane at 5 K. The strong in-plane anisotropy
forces the Ho and Co moments to bend alongdh@ection, than the demagnetizing field. In this case, the anomalous
not in the plane. Because the EMD is in the basal plane, ththermal behavior of the net moment in the temperature range
domain walls are parallel to the direction. The bending from about 305 to 320 K indicates that the SRT from easy
along thec direction makes the field parallel to the domain plane to easy axis is not of first order but proceeds by a small
walls, i.e., thec direction. Therefore, the multidomain struc- intermediate easy-cone range. A detailed crystal-field analy-
ture in the crystal can be retained, even if the field is in-sis tells us that the anomalous thermal behavior of the net
creased to 5 T. In this case, the magnetization measured moment in the spin-reorientation temperature range comes
fields aboveB,  should be the same as that in the case of &rom a marked direction dependence of both the Ho- and
single-domain structure obtained by field cooling the crystalCo-sublattice moments, as will be discussed in detail later.
However, when the field is beloB, . the magnetization
will decrease to zero if the field decreases to zero in the case
of a multidomain structure, while it will keep the value of
M=|My,—Mc¢d in the case of a single-domain structure. Magnetic isotherms measured in the three main crystallo-
The slight slope of the 5-K FC isotherm beld®y . is due  graphic directions in the temperature range 100-350 K are
to the field dependence of the Ho moment. As to the isodisplayed in Fig. 4. The isotherms in the two top panels
therms at 35 and 45 K, the magnetization curves do notonfirm the change of EMD from the basal plane to the
depend on the cooling process. This means that the crystal &xis with increasing temperature from 300 to 350 K. The
magnetically soft above the compensation temperature smagnetization anisotropy is distinct, that is, the saturation
that the external field can easily realize a single-domairmoment along thes axis is always larger than that in the
structure in the crystal. basal plane direction, irrespective of the occurrence of a
Returning to Fig. 1, it is interesting to note that a small SRT. The results in the four lower panels in Fig. 4 show that
discontinuity in the thermal magnetization curve exists atmagnetic hardness of the basal plane direction strongly in-
323 K. At high temperature, the easy-axis anisotropy of thereases with decreasing temperature. The results in the two
Co sublattice dominates the easy-plane anisotropy of the Himwest panels also show that magnetic anisotropy develops
sublattice' 3 Therefore, one deduces that the small disconti-within the basal plane with decreasing temperature.
nuity in the thermal magnetization curve may imply a dis- In order to further investigate the development of anisot-
continuous plane to axis SRT at 323 K in #@m;Si,.*  ropy within the basal plane, we have measured complete
However, it is worth mentioning that the flat thermal behav-hysteresis loops at various temperatures below 100 K. These
ior of the moment above 100 K suggests that a measuringpeasurements were made with the field applied along the
field of 0.05 T is not sufficient to form a single-domain struc- [100] (a) direction as well as along thg10] (b) direction.
ture in the crystal at high temperature. The reason for this iResults are shown in Figs(®—-5(e). It is worth noting that
that the increase of the net moment causes a demagnetizitige crystal is magnetically soft above the compensation tem-
field higher than the measuring field of 0.05 T at high tem-perature, and becomes hard below this temperature. This ex-
perature. In order to avoid the influence of the demagnetizinglains why the magnetization curve of the free single crystal
field and to determine the real thermal behavior of the neat 5 K strongly depends on the cooling process. A point of
moment at high temperature, the thermal curve was alsoonsiderable interest is the occurrence of jumplike changes
measured in a field of 1 Tsee Fig. 3, which is much larger in the isotherms. At 5 and 20 K, these changes are restricted

B. Measurements in different crystallographic directions
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15 The total Hamiltonian of the Ho ion consists of three main
contributions: the electrostatic CEF interaction, the Ho-Co
exchange interaction, and the Zeeman energy, that is,

Hr=Hcet2(9;—1)J- Bkt 933 B, (2

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

J-Bex= — Bex(Jx SiN 0o COSh ot Jy SiN O, SiN g
+J,C0S60c,), (©)

fco and ¢, are the polar and azimuthal angles of the Co
moment with respect to the axis and thea axis, respec-
tively. As observed in ¥Co,sSi,,® we have to consider the
non-negligible anisotropy in the modulus of the Co moment,
which can be expressed in manhtt

Mco(T,6co) =Mco T)(1—psir? fco), 4

T=150K T=100K wherep=0.01° The third term in the total Hamiltonian can
% 4 2 8 4 5 1 2 8 4 s  bewrttenas
MOHi (T) uon (T)

J-B=B(Jysinfg cospg+J, sin g sin pg+ J, COSb),
FIG. 4. Field dependence of the magnetic moment of a 5

Ho,Co;5Si, single crystal, measured with decreasing field at vari- .
ous temperatures in the three main crystallographic directionsWhere 0s and ¢p are the polar and azimuthal angles of the

There is a deviation of 4° from the direction. The full curves ©Xternal field with respect to theanda axes, respectively.

through the data points are the result of crystal-field calculations. ~ FOr @ given applied fiel® and a direction ofB,,, the
eigenvaluesE; and the eigenfunction§) are obtained by

to the a direction. At 65 K, it is only thk isotherm that gives ~diagonalizing the (2+1)x(2J+1) matrix of the total

rise to a jumplike change. Both tleeandb isotherms display Hamiltonian in thelJ,m) representatior’

such a change at 50 K. However, no change can be observed

in thea or b isotherms at 35 K. In order to be able to offer a [(LSIM|HR/LSIM —E; Sy m|=0,
reasonable explanation for the complex experimental data,
the crystal-field theory in combination with a two-sublattice mm' =-J1-J,...J-1J, (6)

molecular-field model were employed to perform the theo-
retical analysis.

Heli)=E[i), i=1,2,...2+1, (7)
IV. THEORETICAL OUTLINE J 3
Ho,Co,Si, has a ThZn,~type rhombohedral structure |i>:m;J ap|J,m), m;J |ap/?=1. 8

with space grougR3m. In the coordinate system with tle

andx axes along the anda axes, respectively, the single-ion The free energy of the HE0,sSi, is given by
crystal-field HamiltonianH - experienced by the Ho ion

takes the forrf F=—2kgT INZ+ K1 coSir? Oco+ KacoSin' fco—M ey B,
9)
He=3 3 BPOf-BL03-+B30%+ B0+ B30
D Z= >, exd—E/ksT], (10)
i=1

whereB['= 6,,(r ™A', and whered,, represents the Stevens

coefficients(a;, B, and y; for m=2, 4, and 6, respec- whereZ is the partition function of the Ho ion, arit, -, and
tively), (r™) are the Hartree-Fock radial integrals, aAff  K,c, are the anisotropy constants of the Co sublattice.
are the crystalline-electric-fieldCEF) parameters. KicdT/Te) and KycT/T.) are taken the same as for
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FIG. 5. Hysteresis loops of a HB0,5Si, single crystal measured in tleeandb directions in a temperature range between 65 and 5 K.

Y,C035Si,.° The equilibrium direction 0B, is determined ~ The total magnetic moment of the compound,80;5Si,
from a minimization of the free energy. The magnetic mo-along the field direction is given By

ment of the Ho ion is thus given by

— M(B)=2(M,sin f)g cos¢g+ M, sin fg sin g+ M, cosbg)
M,=— 21 (i]3,/hg;exd —E;/kgT1/Z, y=Xx,y,z + M Sin O, sin g coS peo— di)

(11 +C0S60c,C0SHg]. (12
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FIG. 6. Temperature dependence of the Co-sublattice moment F|G. 8. Temperature dependence of the Co-sublattice moment

measured for ¥Co;5Si; (open squargsand the temperature depen- direction relative to the direction in Ha.Co,sSi, as derived from
dence of the Co-sublattice moment per formula unit i, €@ £Si, the crystal-field calculation.
as derived from the crystal-field calculati¢open circles

=-182.KKay %, AJ=5.0Ka,* A2=0.6Ka,® and AS
= —20.(Ka56. The substitution of Si for Co changes many
In this section, we shall use the well-established theoretiParameters used in the theoretical model, such as the crystal-
cal two-sublattice crystal-field modef described above to f€ld parameters, the Co moment, the Co moment anisotropy,
interpret the unusual magnetic phenomena observed expef[i€ HO-Co exchange field and so on. In Fig. 6, the results of
mentally. In the crystal-field fitting process, the Co moment,iN€ crystal-field fit show that the Co-sublattice moment in
the exchange field and the crystal-field parameters werEl02C0sSl; decreases a little faster than that inC0sSi;
taken as adjustable quantities. All the data analyzed by th@ith increasing temperature. This may comes from a slight
crystal-field theory have been corrected for demagnetizatiof€créase of Co-Co exchange interaction due to the substitu-
effects,H; is the internal field and the demagnetization factort!on of Ho for Y in R,Co, ~type compounds. That is why the
is considered to bé for the sphere crystal. As input crystal- Curie temperatures 1195 K of HOo}, and 837 K of
field parameters we used the values reported foGdg, by ~ HO,Coy5Si; are almost the same as those 1192 K ¢€¥;
Han et al® (Agz _134,3<a62, Agz _13-6Ka(§4, Ag and 836 K of Y2Col5Sig, respectively, even if the substitu-
=0.5&Ka, °, andAl= —19.4Ka, °). The final values of the tion of Ho for Y brings about Ho-Co exchange interaction.
parameters that led to the optimum fit with our experimentall he substitution of Si for Co decreases the Curie temperature
data are Mcg(0)=19.4ug/f.u., B.(0)=76.0K, Ag rapidly at an approximate rate of 178 and 179 K per Si atom
for the H@Co;_,Sik and Y,Co;;_,Si, compounds,
respectively:? The effect of magnetic dilution and the de-

V. CRYSTAL-FIELD ANALYSIS

_0-0-0-0"0
12 |
el o'f 20 fo-0.q
0’O o \O\
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el N,
o o
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FIG. 7. Temperature dependence of the spontaneous total mag-
netic moment of HeCo,5Si, as derived from the crystal-field cal- FIG. 9. Temperature dependence of the Ho-sublattice moment in
culation. Ho,Co;5Si, as derived from the crystal-field calculation.
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Fig. 6 is a fit to the data using the expressibhg(T)
=Mg(0)[1—b(T/Te)"], with b=0.23 andn=23/2° This is

in good agreement with the>? law of a very low tempera-
ture spin-wave approximation as discussed quantitatively by
Dyson??

According to the optimum crystal-field fit, the calculated
temperature dependence of the total momewit of
Ho,Co;5Si, is shown in Fig. 7. These data compare well with
the experimental results of the low-temperature part in Fig. 1
and the high-temperature part in Fig. 3. The Ho- and Co-
sublattice moments theoretically compensate at 35 K, which
agrees very well with the experimental result. Calculated de-
tails of the SRT are displayed in Fig. 8. The change in EMD
takes place in the temperature region between 323 and 331
K, which is at slightly higher temperatures than observed
experimentally(Fig. 3). The explanation for this difference is
that the calculation is performed for zero field, whereas the
experiment has been carried out in a field of 1 T. The calcu-
lated temperature dependence of the Ho-sublattice moment is
shown in Fig. 9. The interesting feature is that, in the spin-
reorientation temperature range, the Ho-sublattice moment
decreases slightly in value when the dominant Co-sublattice
anisotropy forces the Ho moment away from their easy mo-
ment direction. The deviating thermal behavior of the Ho
moments in the spin-reorientation temperature range indi-
cates that the Ho moment has the remarkable direction de-
pendence. At high temperature, the easy-axis anisotropy of
the Co sublattice dominates the easy-plane anisotropy of the

50 Ho,Co,Si, °°oo%o Hq subla.ttice. The gompetiti(_)n betyveen.the twol ppposite
T=350K OOOOOO anisotropies results in the spin-reorientation transition from
o an easyb axis to an easy axis with increasing temperature.
85 1 2 3 4 5 The crystal-field calculation shows that the transition is of
uH, (T) second order; an easy-cone spin configuration exists in the

spin-reorientation temperature range. The Co-sublattice mo-
FIG. 10. Field dependence of the Ho-sublattice moment inment increases and the Ho-sublattice moment decreases

Ho,Co,5Si, at(a) 300 K and(b) 350 K as derived from crystal-field when they change fromlaaxis to ac axis. Therefore, when
calculations for magnetic fields applied along the three major crysthe spin-reorientation transition takes place, the antiparallel
tallographic directions. arrangement of the Ho- and Co-sublattice moments gives

rise to a large step in the thermal curve of the total moment,
crease of the Co-Co exchange interaction and the Co mas shown in Figs. 3 and 7.
ment per atom result in the rapid decreas& ofvith increas- A comparison of the calculatedull curves and experi-
ing Si concentration. It is worth noting that the substitutionmental(data points field dependencies of the total moment
of Ho for Y in R,Co;5Si, does not change the Co moment atin the three main directions in the temperature range 100—
absolute zero temperature. The same case has also begs0 K is presented in Fig. 4. The crystal-field calculation is
found in RyCo,; compound$.In comparison with 1./4g per  in good agreement with the experimental result. The satura-
atom in metallic Co, the formation dR,Co; slightly de-  tion magnetization anisotropy can be well reproduced by the
creases the Co moment to Li53per atom, and the discrep- crystal-field calculation, both before and after the SRT. Fig-
ancy of influence from different rare earths is negligible. ures 10a) and 1@b) display the field dependence of the Ho-
However, the substitution of Si for Co leads to a markedsublattice moment in H&0,5Si, at 300 and 350 K, respec-
decrease of Co moment to 1,29 per atom inR,Co;5Si, at  tively, which is derived from crystal-field calculations for
arate of 0.1z4g per Si atom. It is well known that the large magnetic fields applied along the three major crystallo-
spatial extent of @ wave functions leads to thed3electron  graphic directions. At 300 K, the Co- and Ho-sublattice mo-
energy band rather than to thed 3evel. Therefore, the ments are in thd direction at zero field. When the field is
change of the 8-band structure by the substitution of Si and applied along thd direction, the Co-sublattice moment will
a transfer of the outer electrons of Si to thd Band are be parallel to the field and the Ho moment antiparallel to the
responsible for the evident effect of Si on magnetic momenfield. Owing to the antiparallel arrangement of the Ho-
per Co atom. The detailed discussion was given in Ref. &ublattice moment and the field, an increase of the field will
about the fitting to the Bloch's law for the temperature reduce the Ho moment. No difference exists in the field de-
dependence of Co moment in,&0;5Si,. The full line in  pendence of the Ho moment with the field along &hendb
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FIG. 11. Field dependence of the total moment in,BoysSi, in a temperature range between 65 &K asderived from crystal-field
calculations for magnetic fields applied along the crystallographic andc directions. There is a deviation of 4° from thelirection. Some
examples of the moment arrangement in the lowest-energy configuration are shown in diagrams in cases of H paralted badinections.
The six crystallographically equivalent directions shown in the diagrams correspondxditieetion. The experimental data are represented

by open symbols.

directions. The reason is that the in-plane anisotropy beforced into thec direction. This is due to the strong direction
comes negligible at high temperatures. When the field is apdependence of the Ho moment. The opposite behavior is
plied along thec direction, below the anisotropy field, an found aboveTgg as shown in Fig. 1®). In zero applied
additional strong decrease of the Ho moment occurs, as it ield, all moments are in the direction and there is some
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increase in the Ho moment when it is turned into its easyalong both thea andb directions at 35 K in Fig. 1t). This
plane direction. In the isothermdig. 4) representing the temperature corresponds to the compensation temperature
easy direction in particular, one may note a small but steadyith zero total moment in zero field. In the presence of an
increase of the total moment with increasing field. Based orapplied field, the lowest-energy configuration is reached for
the results shown in Figs. (@ and 1@b), this appreciable that particularb direction that is perpendicular to the field
differential susceptibility finds its origin in the reduction of direction or has an angle of 60° with it. This offers the maxi-
the Ho moments under the influence of the applied field. mum possibility for moment bending in the basal plane. As
We showed already in Figs.(®-5(e) that the low- shown in the two diagrams in Fig. (d, a strictly perpen-
temperature isotherms are more complicated and give rise wicular arrangement of the moments with respect to the field
a substantial coercivity upon magnetization reversal. Oucan only be reached when the latter is applied alongathe
model does not include domain-wall dynamics, and hence iglirection. This field direction consequently leads to higher
unable to describe the coercivity behavior. For this reasornvalues of the total moment than if the field is applied along
we will only deal with a description of the isotherms in the theb direction. Finally, we wish to discuss the magnetization
first quadrant measured with decreasing field. In the calculaiumps calculated for tha direction around 4 T in the 20- and
f[ions we will aIsp disregard any hysteresis accompanying the_gk isotherms[Figs. 11d) and 11e) respectivel}. These
jump-like transitions observed in some of these isotherms. fig|q_induced magnetic transitions can be regarded as the ori-
A comparison of the experimental and calculated data iy of the hysteresis observed above the coercivity in Figs.
temperatures in the interval 65-5 K is made in Figgaid 5(d) and He). Below the compensation temperature, the

ilg)ﬁo-lrsh?efurgsceﬂt\i/r?s t?]rs ézee?ﬁnrga'f;??{;? (/’\E/ZUEZ’VQNI;TSCWSMI becomes magnetically harder with decreasing tem-
y P g P : erature. The complicated domain formatian5aK makes

given examples of the moment arrangement in the lowest; e . . . .
energy configuration corresponding to the various parts o he crystal-field calculation with the field applied along the

the calculated isotherms. These moment arrangements & gection deviate seriously from the experimental result when

represented in diagrams in which the orientation of the HoMeasured in fields lower than the transition field of 4 T.

and Co-sublattice moments relative to the six crystallo-
graphically equivalenb directions is shown. In Fig. 14), it
can be seen that tHedirection parallel to the field direction VI. CONCLUDING REMARKS

is prefe'rred in low fields when the field is applied along the We have shown that the magnetic properties of the com-
b direction. However, no bending of the Ho and Co moments R . :
ound H@Co;sSi, include several interesting phenomena

towards each other occurs in this case, as indicated in th% ) ) . .
diagram shown at the bottom of the Fig.(dl The total such as field-induced and temperature-induced magnetic

moment increases initially more strongly when the field isphase transitions. Supplementing earlier findings, our r.esults
applied along tha direction, since in this case the possibility Show that the SRT at about 323 K does not proceed directly
of moment bending exists. When the field applied along thd®M €asy plane to easy axis but involves a small easy-cone
b direction becomes sufficiently strong, the moments switcHang€ in between. We also showed that the anisotropy of the
from oneb direction to another one, as indicated in the dia-S&uration magnetization is not exclusively due to the Co
gram shown at the top of Fig. (. The calculation shows sublatt!ce but also originates for a large part from tr_]e Ho
that this switching is accompanied by a sudden jump in théublqtt|ce. We have been able to reproduce our gxperlmental
value of the total magnetization. However, the experimentaflat@ in @ satisfactory way by means of computational results
result is a gradual transition, which indicates that domairP@S€d on a combination of crystal-field theory and a mean-
formation is involved in the switching process. When thefl€ld two-sublattice model. Through the optimum crystal-
applied field is along the direction, no jump is observed f€ld fit, we obtained a set of reliable data relevant to the
below a field of 9 T at 65 K. In low fields, the Co moment intrinsic magnetic properties of HG0,sSi; including CEF
turns into the field direction and the Ho moment turns awayParameters, the Ho-Co exchange field, and the Co-sublattice
from the field direction, as indicated in the left diagram of MOMent. When comparing these values with those reported
Fig. 11(a). But in high fields, the Ho moment turns into the [N the literature for a HgCoy; single crystgﬁ one finds that
field direction and the Co moment turns away from it, aghot only the anisotropy of the Co sublgttlce but also the size
indicated in the right diagram of Fig. . At 50 K [Fig. of the_ C(_) moment and the exchange field are changed by t_he
11(b)], a jump takes place in a field of 4.7 T when the field is Substitution of Si for Co. As to the CEF pgrameters, there is
along thea direction. This jump corresponds to a switching hardly any change of the values A andAg. However, the

of the moments from the initiab direction to one that is absolute value oAJ is about 40% larger in H€0;sSi, than
perpendicular to the field, as shown in the diagrams in Figin Ho,Coj;, while A has become much smaller and
11(b). The jump in the isotherm with the field along the changed its sign from negative to positive. All these changes
direction at 50 K has the same origin as that in Figlall give rise to a distinct difference in the intrinsic magnetic
The jumps in the isotherms with the field along thelirec-  properties of HeCo,; and HgCo;sSi,. Furthermore, the
tion at 20 and 5 K have the same origin as that in Figbll1 large in-plane coercivity at low temperatures and the strong
When the field is applied along tleedirection at 50 and 5 K, direction dependence of the Ho moment at high temperatures
only simple moment bending is observed in Figstblland  endow the HgCo,sSi, with some interesting and uncommon
11(e). No jumps are observed in the isotherms with the fieldmagnetic phenomena.
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