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ABSTRACT

The magnetic properties of HoGBg ferrimagnetic compound are investigated versus the
magnetic field, temperature and pressure. The magnetic phase diagram exhibits three
remarkable temperatures: the ordering temperdigréhe spin reorientation temperaturigr

and the compensation temperatliggmpe at 147K, 76 K and 47 K respectively. In HoG#Bs
intermetallic system the spontaneous magnetization resulting from the antiparallel coupling of
the magnetic moments of Ho and Co sublattices is pressure insensitive at lowest temperatures
whereas it decreases with pressaréemperature rangeboveTsg. The mean Co magnetic
moment is small (< 0.94) in the studied compound and exhibits a weak pressure dependence.
In addition, significant pressure effects have been observed ontHmo#pin reorientation
transition andhe Curie temperatures. A value of ip = -3.530.4 K GP& is dominated by

the Co sublattice contribution. The spin reorientation transition temperature is also found to
decrease versus pressuresgddp = -4.20.4 K GP&. The compensation temperature where

the Ho and Co sublattices have the same magnitude but opposite direction does not vary
significantly with applied pressure in the investigated pressure range (up to 1GPa&s e

of pressure dependence of the magnetic properties are compared to earlier results on other R-
Co-B borides. HoCpBs compound confirmed the remarkably high volume stability of the
magnetic properties of the RGBs compounds with the itinerant character of magnetism and

low values of both th&c and magnetization.
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1. Introduction

Intermetallic compounds based on rare-earth (R) teawasition metals (T) form an
important class of materials with various applica§ such as permanent magnets,
magnetostrictive sensors and magneto-optical deviceaddition substitution or additiari
other, namely light elements (H, B), can be useidhiarove their functional properties. Some
important intermetallic compounds present a comgiims point at which the R and the T
sublattices have the same magnitude of magnetizatib they are coupled antiparallel. This
makes such magnetic systems interesting for thenatagransport effects in spintronics [1]
and has triggered a renewed interest in such fagimatic materials. R—T alloys with heavy
rare-earth elements are also investigated by mefamystical switching experiments [2].

Very interesting magnetic properties have beenntdceeported for the RiEBe
antiferromagnetic and ferrimagnetic compound (Rwre+earth, Y and T = Co, Fe) [3-8, 24].
The RTi2.Bs compounds crystallize in the rhombohedral $#Bl-type structure, space group
R3m[9,10]. In this structure, rare-earth element oéesiBa crystal site. Transition metal
atoms are located on two inequivalent positions d18d) 18h. The boron atoms are localized
on another 18h site. Earlier studies showed thatREq,Bs compounds are stable for the
majority of rare-earths. Their low Curie temperatirand low Co magnetic moment in
comparison with metallic cobalT¢ = 150 K and g, = 0.42ug/Co atom for YC@Bg) [11]
are attributed to hybridization of B(p) and Co(dBatrons bands as a consequence of small
interatomic distances between Co and B atoms (R)05luclear magnetic resonance (NMR)
studies on RCpBs compoundsshowedsignificantly different magnetic moments on thetw
Co crystallographic sites with a lower value of @@ magnetic moment on 18g [12].

The effect of volume changes on intrinsic magnptimperties of several RGMBe
compounds (YCpBe, LaCo.Bes, CeCa:Bs and GdCeBg) has been investigated by
studies under hydrostatic pressure up to 1 GPa8}@,1]. Such pressure corresponds to the
decrease of volume around 1%. Only moderate presstects have been observed on both
magnetization and Curie temperature for all studiethpounds. The Curie temperature
decreases with pressure for all studied compouvidderate decreas& Tc is comparable
for all of them and can be attributed mostly to tledume dependence of both, the Co
magnetic moment and the exchange interactionss@ifwation magnetization of Y&8s,
LaCoBs and CeCeBs compounds decreases with pressure in the wholeeterture
range belowlc. As regards CeGeBs[7,8,11], this effect can be ascribed to the insireg

delocalization of the 4f-electrons of Ce and consedly to a following shift of Ce toward



the tetravalent state under pressure. The situ&iaiifferent for GdCgBs where, due to
the antiparallel coupling of the Gd and Co suldatiand to the negligible pressure effect
on localized Gd magnetic moment, the observed asa®f magnetization with pressure at
temperatures below compensation temperature ibwttd predominately to the pressure
induced decrease of Co magnetic moments [7,8]. étimnated decrease ogduis also
quite comparable with pressure induced decreadésah YCo,.Bs. The decrease ofcpis
also responsible for the observed increase of cosgi®mn temperature with pressure. In
general, the RGeBs compounds studied up to now under pressure extebiarkably
higher volume stability of the magnetic propertiezn the RCgB compounds, where more
than two times higher values of @d@ip and dinM/dp were observed [13]. The relative
volume stability of magnetic properties of RgRs compounds with the itinerant character
of magnetism and low values of both the and magnetization can be attributed to the
remarkable role of the hybridization as a consegeari small distances between Co and B
atoms. Similarly the volume stability of the highiyduced g, was recently observed for
tetravalent Th state in Thg® compound [14].

HoCa:Bs compound (space groulR3m, a = 9.451 A, c = 7.454 A) exhibits
antiparallel coupling of the magnetic moments of &ad Co sublattices. Studies of its
magnetic phase diagram showed that this compoucttbisacterized not only by the magnetic
ordering temperaturd ¢ = 147 K) and compensation temperatuieofur = 47 K) but also by
spin reorientation temperatur@sg = 76 K). This behavior is a consequence of rentdeka
magnetic anisotropy of Ho sublattice. Recently,ngsthe combination of magnetization
measurements, ac susceptibility and neutron difracthe magnetic phase diagram of
HoCosBs has been determined [15]. These extended studiesvesh that HoCgBs
compound ordergs magnetic momenislose to the crystallographgsaxis at 1.5 K andhey
undergo a spin reorientation froeraxis to basal plane disg = 76 K. An incommensurate
magnetic structure with a long incommensurate peaiong thec-axis has been found above
Tsr This configuration preserved up to the Curie terafure. The Rietveld refinement
analysisof neutron diffractiongevealed that Ho atoms carry a magnetic momentQfis3at
1.5 K. Co moments are coupled antiparallel to tbeoHe. At the temperature of 1.5 K, the Co
in 18 h position exhibits a moment of 0.683whereas momertf the Coin 18 g site exhibits
a value as low as 0.14.

The high pressure studies of RgRBs compoundsavebeen performed up to now on
compounds with nonmagnetic R (Y, La, Ce) or R withgligible magnetocrystalline

anisotropy (Gd) [6,7,8,11]. Holmium has magneticnrmeat comparable with Gd but at the
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same time it exhibits remarkable magnetocrystabinisotropy. Consequence of this property
is the existence of spin reorientation transitiotioCaq»Bs compound15,16] Motivation for
our high pressure studies of Ho@®s compound was to get information not only about
volume stability of Co magnetism and the effecHof sublattice on the itinerant character of
Co magnetism but also about the effect of volumangle on anisotropy of the HoGBg
compound and about the role of anisotropy of Hoblattice on character of magnetism and
exchange interactions. To reach this goal we hawdies] several magnetic quantities —
compensation temperature, spin reorientation teatpey, Curie temperature and

magnetization under hydrostatic pressure.

2. Experimental methods

A polycrystalline HoCgBg ingot sample was synthesized by melting high-puiarting
elements (Ho - 99.9%, Co - 99.95%, B - 99.9%) imigh frequency induction furnace under a
purified argon gas atmosphere. To promote homogertbe ingot was remelted five times,
then pieces of the obtained sample were wrappedTa foil sealed in an evacuated quartz
tube and annealed at 900 °C for three weghe crystallographic (phase) purity was checked
by standard x-ray diffractometry. A careful look e diffraction pattern indicates the
presence of residual traces of the binargBCoompound as minority impurity phaséhe
specific heat measurements have been carried oud @ommercial PPMS instrument
(Quantum Design)The magnetization measurements at high hydrogieggsure up to 1 GPa
were performed in &SQUID magnetometer (Quantum Design Co.) using aehorade
miniature piston-cylinder CuBe pressure cell witm&ture of mineral oils as a pressure
transmitting medium. The pressure was determinetbwttemperatures using the known
pressure dependence of the critical temperatutheosuperconducting state of the pure Pb
(5N) sample 17]. For comparison, ambient pressure magnetic measamnts were performed
on the above described sgi-as well as using the extraction method.

The evolution of the Curie temperature under déifeérpressures was determined from
temperature dependence of tthe. susceptibility measured in magnetic field of O at a
heating rate of 1 K per minutelc was defined as the inflexion point of low field
magnetization vs. temperature curve. The high presstudies were performed at magnetic
fields up to 7 T in the temperature range from K00 K. Thespontaneoumagnetization
Ms(T,P) at differenttemperatures angressures was determineg an interpolation othe
isothermal magnetization curveszero internal fieldThe magnetization data were corrected

for the presence of the minor ferromagnetic,ECampurity in order to get the intrinsic
4



magnetization values of HogBs. The measurements were realized just above theingde
temperature of HoG@Be in order to remain far below the Curie point of,Bpwhich is 429
K. The CeB impurity was consequently considered as carrgirsgturated magnetic moment

simplifying the correction for its ferromagneticntabution.
3. Resultsand discussion

The magnetic ordering temperatuieHoCo,Bs, Tc = 147 K, at ambient pressuie
clearly seen and confirmed by the anomaly observed atpbeific heat data presented on
Figure 1. This ordering temperature decreasesfgignily upon applying pressure as can be
seen on Figure 2 recorded at 0.1 T. A pronounceak @ppears just below the Curie
temperaturethat recalls the large Hopkinsoreffect reported earlier for isostructural
compounds like YCBBs. Interesting transport properties have been reddd occur around
such Hopkinson effect [18,19]. Temperature depecelef isofield magnetization curveoft
=2 T) recorded for HoGeBs compound at different pressures is presented gur&i3. The
minimum of the magnetization observed at about 47 K corredpda the compensation
temperature.

The pressure dependence of the ordering temperagiras derived from isofield
thermomagnetic measuremeras field of 0.1 T is illustrated in Figure 4. The pressure
induced decrease Gk is linear in the used pressure range and a satysitif dTc/dp = -
3.5t0.4 K GP4& is obtained. This value is very close to that regzbfor YCQBg (dTc/dp = -
3.9+0.2 K GP&) but slightly smaller than that reported for Lags (dTc/dp = -4.20.2 K
GPeil), a compound having much larger unit cell too. Tiné cell volume difference most
probably contributes to the observed difference podssure evolution of the ordering
temperaturd¢ since the magnetization of the R@®s compounds is found to be sensitive to
the dinM/dInV = 1.8+0.1 [20]. The above results prove the dominant oblthe Co magnetic
sublattice on the magnetic ordering temperature ingressure dependence. Consequently
the decrease dfic versus pressure can be attributed mostly to tieetedf volume change on
the Co-Co exchange interactions.

As shown by the minimum value of the magnetizatidmbout 47 K a compensation
temperaturelcomp IS Observed at ambient pressure in good agreemiémtearlier reports
[21]. This indicates that afcomp the two opposite magnetic sublattices (the R d&edQo
ones) have the same magnitude and cancel out.rAlsecaeem Figure 2 andn Figure 3 the

compensation temperatuiieomp does not evolve with pressure and can be considese
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pressure insensitivahis is significantly different pressure behaviofiiTcovp in comparison
with that of the GdCpBs compound wherelcomp increases with increasing pressure due to
an increase of magnetization bel@aove and a decrease of one above this temperafine.
investigation of the magnetization curves recordédlifferent pressures reveals tlibe
spontaneous magnetizatiols of HoCa:Bs at 5 K is pressure insensitive within the
experimental error. The situation is more compl&higher temperatures (typically above
Tsr) Where the pressure slopeM§ is becoming negative, reaching the value ofMdp = -
0.041 GP# at 130 K. The very negligible pressure sensitiviy the low temperature
magnetization indicates that the difference betwtsenHo and Co sublattice magnetization
does not change upon applying pressure. Since thmatjnetic moment is of localised type
being carried by the 4f electronic shells, we capeet low pressure influence on these
orbitals the Ho moment being preserved at low teatpee. Consequently, the zero Kelvin
magnetization of the Co sublattice magnetizatiodeiduced to be also very little sensitive to
the applied pressure in the investigated pressanger (below 1 GPa). This shows a
remarkably large stability of the low Co magnetioment in the HoCgBgs. The significant
magnetization decrease observed upon applyingyeebgtweedsg andTc results from the
dominant Co sublattice magnetization, but keepmgind that in this temperature range an
incommensurate magnetic structure has been defiwed neutron diffraction [15], one can
expect this magnetic structure to evolve versusspne too.

The magnetizatiomsotherms ofHoCo,Bs compoundrecorded at different pressures
and different temperatures from 5 K up to 70 K presentedn Figure 5. As can be seen
from this Figure 5, the isothermal magnetizationHwfCo,,Bs compound is featured by an
unusually large susceptibility at high magnetiddierhis behaviour is opposite to the easy
magnetization saturation observed previously at iKother ferrimagnetic like GdGgBs
compound [8]. We interpret this as resulting frorst@nger Gd-Co exchange interaction and
an overall smaller anisotropy as expected fromsitteerical 4f electronic shell of Gd orbital
moment [21]. According to the estimation of the B-Exchange interaction in RGBg
compound a reduction of about 20 to 25% is derfveh R = Gd to R = Ho.

The magnetizationisotherms of HoCgBs compound recorded up to 7 T at
temperatures 90 K and 130 u«der different pressures are givianFigure 6. According to
earlier reported neutron diffraction data at lomperature 1.5 K, both the Co 18g d@hd Co
18h sites are contributing to the magnetizatiore Tlo 18gexhibitsa much smaller magnetic
moment of 0.14 glagainst 0.63 gifor the Co 18h. On the contrary, at about 78 K and above,

the Col8g position moment has been shown to vamighthese sites no longer carry a
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significant magnetic moment [15]. This very diffetemagnetic behaviour of the two
inequivalent Co positions arises from their diffgratomic local environment. Indeed the 18g
position has only 7 Co neighbours but 4 B atomstance more R neighbours than the 18h
position (9 Co, 3 B and only one R neighbours)isltworth pointing out that in the
temperature range where (namely around 70 K andedlf@o 18h atoms are carrying all the
magnetization that remains on the Co magnetic fiidda We can consequently assign the
pressure dependenocé spontaneoumagnetization to the dominant behaviour of Coé&it 1
position. The change of parameter giiip with increasing temperature is illustrated aguFe

7.

Similarly to what has been observed for the ordertemperature, the spin
reorientation transition is also found to decreapen applying pressure. Figure 2 plotting
temperature dependence of low field magnetizatipgH (= 0.1 T) at different pressures
indicates a linear reduction @tr underpressure with a moderate slopes@dp = -4.20.4
K GPa'. This indicates that the balance between the @b Hm anisotropy evolves with
pressure. The higher decrease of Tkg comparison tolc indicates a complex effect of
volume change on the anisotropy behaviour of bathlagtices. The main influencef
pressureis to reduce the axial anisotropy temperature domehere the Ho sublattice
prevails. At present, the mechanism leading totieerved reduction Gfsg is not completely
clear.It is the Co magnetic anisotropy reinforced upon ypglpressure or it is the reduced
Ho sublattice anisotropy. However the above disstiggessure induced reduction of the Co
exchange interactions should play a role.

It is also remarkable that the moderate sensitiatythe Tsg observed here for
HoCa2Bs compound is in opposition to the extreme sensjtigftthe ordering direction to Fe
content in GdCgp.,FeBs compounds as reported recently by Dl [22] and Lee-Honet
al [23]. This can be taken as an indicator of thgdanfluence of the electronic effect of the
Fe for Co substitution in the GdGQFeBe series of compounds.

The pressure effect oft andMs can be attributed mostly to the volume dependence
of both the Co magnetic moment and the exchanggaictions. Indeed a comparison with
non magnetic rare-earth containing R€Bg compounds shows that the pressure dependence
of the magnetization is of the same order of magteitfor YCQ@,Bs and LaCe,Bs than for
HoCa2Bs[6,7,8,11].

The results obtained on HoGBs compound confirmed the remarkably high volume
stability of the magnetic properties of the R@g compounds with the itinerant character of

magnetism and low values of both tfie and magnetization. It can be attributed to the
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remarkable role of the hybridization of B(p) and(@oelectrons bands as a consequence of
small interatomic distances between Co and B at@masthe consequently low Co magnetic

moment magnitude.
4. CONCLUSION

The magnetic phase diagram of HqfBg, presentedn Figure 8, exhibits three
remarkable temperatures: the ordering temperatu4ad K corresponding to the para to
ferromagnetic transition upon cooling, the spin ri@@ation temperature and the
compensation temperature where the two sublattiegnetization cancel out. The spin
reorientation observed on HoGBs compound is confirming earlier neutron powder
diffraction results as well as previously reportéee Mossbauer data on Fe doped sample.
The spin reorientation frors-axis to basal-plane occurring & = 76 K is found to be
pressure sensitive to an external applied presdure. Curie temperature is also pressure
sensitive. On the contrary the compensation tenyperas found to be mostly insensitive to
pressure and kept a value of about 47 K.

The observed pressure behavior of the magneticepiep of HoCe,Bs confirmed
itinerant character of Co magnetism and the reniédekaole of the hybridization as
consequence of small distances between Co andrBsafbheTc reduction versus pressure
can be attributed to both the combine effect ofreleses of exchange interactions and Co

magnetic moment.

Acknowledgements

The authors gratefully acknowledge the CNRS-ASCé&hE-Czech collaboration program.

References

[1] C. Kaiser, A. F. Panchula and S. P. Parkin,sPRev. Lett95, 047202 (2005).

[2] A. Kirilyuk, A. V. Kimel and T. Rasing, Rev. Mtern Phys82, 2731 (2010).

[3] L. V. B. Diop, O. Isnard and J. Rodriguez-CaaVaPhys. Rev. B3, 014440 (2016).

[4] L. V. B. Diop and O. Isnard, Appl. Phys. Let08, 132401 (2016)

[5] L. V. B. Diop, O. Isnard J. Alloys and Compd@s88, (2016) 958.

[6] L. V. B. Diop, O. Isnard, Z. Arnold, J.P. Itid, Kastil and J. Kamarad, Solid. State Comm.
252 (2017) 29.

[7] O. Isnard, Y. Skourski, L. V. B. Diop, Z. Armbl A. V. Andreev, J. Wosnitza, A. lwasa,A.
Kondo, A. Matsuo and K. Kindo, J. Appl. Phyd1, 093916 (2012)



[8] Z. Arnold, O. Isnard, H. Mayot, Y. Skorokhod, Kamarad and M. MiSek, Solid State
Comm152, 1164 (2012).

[9] K. Niihara and S. Yajima, Chem. Letf.875 (1972)

[10] W. Jung and D. Quentmeier, Z. Kristallo@jsl, 121 (1980)

[11] Z. Arnold , O. Isnard, H. Mayot, M.MiSek and Klamarad, , J. Magn. Magn. Mater.,
322, 1117 (2010).

[12] M. Kawakami and S. Satohira, J. Magn. Magmiévd04, 1313 (1992).

[13] Z. Arnold, J. Kamarad, Y. SkorokhqdN. M. Hong, N. P. Thuy and C.V. Thang, J.
Magn. Magn. Mater262, 382(2003).

[14] H. Mayot, O. Isnard, Z. Arnold and J. KamarddAppl. Physl07, 103921 (2010).

[15] L. V. B. Diop and O. Isnard, J. Phys. Condéviatter27, 026004 (2015).

[16] J. M. Cadogan, S. J. Campbell, X. L. Zhao,S.Li and P. W. Thompson Hyperfine
Interactions (C) (Proc. vol 5) ed M. F. ThomasMJ.Williams and T. C. Gibb, pp 119-22
(2002).

[17] J. Kamarad, Z. Machatowad Z. Arnold, Rev. Sci. Instrun¥5, 5022(2004).

[18] F. Mesquita, L. V. B. Diop , G. Fraga , O. IsnartiaP. Pureur IEEE Magn. Le®,
3800304 (2015).

[19] J. Hopkinson Phil. Trans. Roy. Soc180, 443 (1889).

[20] L. V. B. Diop, Z. Arnold, O. Isnard and J. iKarad, J. Alloys Compd8§93, 163 (2014)
[21] M. Mittag, M. Rosenberg and K. H. J. BuschdwMagn. Magn. MateB2 109 (1989)
[22] L. V. B. Diop, O. Isnard, N. R. Lee-Hone, D. Ryan and J. M. Cadogan J. Phys.
Condens. Matte5, 316001 (2013).

[23] N. R. Lee-Hone, D. H. Ryan, O. Isnard, L. V..[Bop and J. M. Cadogan J. Appl. Phys.
113, 17E119 (2013).

[24] L. V. B. Diop and O. Isnard, Phys. Rev9B 014436 (2018).

Figure captions:



600 T T T T T T T T T T
500 | el
./0
«®
< -~
S 400+ -
£
£
=
S 300 i
(O]
e
£ 200} 4
o
)
Q.
" 100+ -
....
0 a0** ! N | N | N | N ! N
0 50 100 150 200 250 300
TemperaturgK)

Figure 1: Temperature dependence of specific HaddG0,,B¢ with an anomaly afc.
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