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Low temperature magnetic transitions of single crystal HoB
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Abstract

We present resistivity, specific heat and magnetizationsoresnents in high quality single crystals of HoBi, with
a residual resistivity ratio of 126. We find, from the tempera and field dependence of the magnetization, an
antiferromagnetic transition at 5.7 K, which evolves, unakagnetic fields, into a series of up to five metamagnetic
phases.
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1. Introduction rare earth monopnictideE| [7] has been predicted using
_ _ ab-initio calculations. Experiments and theory have
Rare-earth compounds provide an exceptional frame addressed several systems also in the particular case

to study magnetic interactions. 4f and 5f shells are of Ho-monopnictides, such as HOP|[12], HoAsl[13] or
incomplete giving often magnetic moments. Mag- pure and Y doped HoSb [114,]15]16] 17].

netic ordering is controlled by the interplay between
exchange interactions and crystal field coupliEb [1].
Some rare earth based materials are superconductin
and magnetic[[lDZ], with phase diagrams showing . i .
a mutual relationship between metamagnetic and stems from the interaction between the Ho ions.

3+
superconducting transitiorls [3]. These phase diagramsHO has total gng_ular momentum of8 and th?
have brought considerable interé}ﬂ__[lﬂ 6, 7] magnetic behavior is expected to be correspondingly
T rich. Previous studies on HoBi single crystals, grown

from the melting of polycrystalline samples, find at low
temperatureﬂ‘lg] an antiferromagnetic transition at 5.7
K based on thermal expansion and x-ray measurements,
and a structural transition into a pseudotetragonal
cubic structure with an axial ratia/a greater than
unity. Neutron difraction studies|[20] performed in
Polycrystalline samples find a second order transition
Into a fcc type Il antiferromagnet. Recent studies
use density functional theory to predict structural an
electronic properties of this compound|[21]. Bhajanker

HoBI is a metallic compound. Its lattice parameter
(‘?s ofa= 0.62291(3)1m[|ﬁ] and its magnetic behavior

To further advance, it is useful to characterize
magnetism in simple metallic systems with a crystal
structure which is easy to handle. Of interest, in particu-
lar for first principles calculations, are the monopnictide
compounds. They crystallize in a NaCl-like structure,
what makes them suitable to perform theoretical analy-
sis. Therefore these compounds have attracted interes
for testing magnetic interaction theorids [8, 9] and
more recently due to their semiconducting properties

and practical applicationallO]. A structural transition t al using also theoretical calculations have oredicted
into a CsCl structure appears with press [ 111 gsetlruucsturglatrsaonsit?ooneur?t?erc arC;l;;:lurC; Zt ;666?3: in(ftoe a
The electronic phase diagram of an entire range of . ; .

P 9 9 CsCl-like structure for HoBil[22]. None of the studies

we found about HoBi addresses the evolution of its
“Corresponding Author. magnetic phases with both field and temperature.
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In this paper we describe the synthesis and char- platinum wire contacts glued with silver epoxy. HoBi is
acterization of high quality single crystals of HoBi. an air sensitive material and in order to reduce exposure
We study in particular temperature and magnetic field we did not polish or shaped the sample. This condition
dependence of the magnetization with the aim to build a makes it hard to give an accurate resistivity value due to
H-T phase diagram at low temperatures. We find typical the relevance of the geometric factor in this calculation.
features of a second order antiferromagnetic transition Zero field specific heat was measured between 2 K and
and a number of field-induced transitions. Values found 20 K using adiabatic microcalorimetry again with a
for the dfective Ho-magnetic moment and saturation PPMS system.
magnetization agree with previously reported ohes [19].

2. Material and Methods 3. Results and Discussion
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Figure 1: (a)HoBi crystal grown from excess of Bi flux. Eachtiod 007 0 00 10 200 250 300
small squares in the background corresponds to one mi#iméb) Temperature (K)
Crystallographic structure of HoBi where blue (big) and (sohall)
spheres represent Ho and Bi ions respectively. (b) 25 : T T T T T
< 50 ° g
High quality single crystals of HoBi were grown N °
. . h = o =
from Bismuth flux [28, 24] using a 10% atomic per- I i
A : i H=010T
centage of Ho and 90% of Bi. Pure elements were % I B e M H |l [100]
. . . Temperature (K) e
placed into an alumina crucible and heated from room < of T oot
temperature to 1000 in three hours, cooled in another I 0,=-0.27
three hours to 900C and slowly cooled in 104 hours 05k o Inverse Susceplbiity |
to 400°C. As a result we obtained crystals like the oo . . . —— Curie-Weiss
one in figurdIl with sizes between 0.2 mm and 1 mm. To 50 100 150 200 250 300 350

Temperature (K)

Crystals show a cubic-like shape according to their
NaCl structure and are easily cleaved along the main
crystallographic axes.
Figure 2: In (a) we show the temperature dependence of titaese

Magnetization measurements were performed in a normaliz.ed to i.ts ambient temper'ature value _at zero magfietd.
Quantum Design Magnetic Properties. Measurement Sarer = 20ped o e & s of e cunk stuctrelpue
System (MPMS) in zero field cooling and with the magnetic field of 0.1 T applied along the a axis. Blue line is &ofi
external field applied parallel to the [100] direction. the expression given in the text between 55 K and 350 K. Ir&aio
M(H) curves were measuring stabilizing the tempera- field specific heat shows a jump at the magnetic transition.
ture and going up and down in field. Since practically
no hysteresis was found we only display here measure- The temperature dependence of the resistance of
ments when increasing the magnetic field. Regarding HoBi normalized to its ambient temperature value is
M(T) curves we stabilized the field and we went up shown in Fid.2.a from 300 K to 1.8 K. The resistance
in temperature. For resistance measurements we usdinearly drops down to 50 K, and then saturates. Below
a Quantum Design Physical Properties Measurement5.7 K, at the magnetic transition temperature, we ob-
System (PPMS) and the four probe method with serve a significantdrop. The RRR (Residual Resistance
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Ratio) is 126 between 300 K and 1.8 K. [@] is plotted in Fid.B.b. Maxima and shoulders of
this derivative were taken as the transition temperatures
Fig[@.b shows the inverse susceptibility at a magnetic [27]. Low field plots show sharp maxima that can be
field of 0.1 T. We find a linear Curie-Weiss-like behav- associated to the entrance into the antiferromagnetic
ior until HoBi enters the magnetically ordered phase
at 5.7 K. This transition is consistent with the drop in
resistance and therefore we can associate the latter to a
significant decrease of magnetic scattering. Magnetic (a)
ordering increases the electron mean free path [25].

H || [100]

We can fit the susceptibility as a function of tempera-
ture using
_ C
YT e

and obtain between 55 K and 350 K a Curie-Weiss tem-
perature of®c=-0.26 K. The &ective Bohr magneton
is extracted from

M/H (cm® / mol)

2
_ Nug p%, ®) 100 ————————

Ve - R
giving a value of p-11.1. The free H¥ ion has a Bohr 3 70 -yl A \\\ ]
magneton per Ho of 10.6. We find a value slightly S e Sl She ]
bigger than the expected one but in the same order. § s0fv 2757 T o Ny
Below the transition the sample presents the typical 8 400 30T 2000000 TY YT
temperature dependence of the susceptibility for an § zg :o:ggg%ﬁ?&?&g&@xgﬂ R
antiferromagnet. © ol *’*3333333333333333%?%?%?%%
The specific heat (inset of Hig.2.b) shows a clear o 2 T?’em er‘;we (;?) 6 7 8

lambda like anomaly with a peak at the magnetic transi- © 5 ' p ' '
tion temperature again consistent with the transition we 450 o 0107 o 1
observed in susceptibility and resistance measurements 40l ¢ 2007 ’ 1
and with a dependence very similar to the one found for 5 sl BT . ]
HoSb in ref. [17]. £ 300 Hilto0) . ]
E 25+ 494 DDD 5 B
From these plots we can identify the antiferromag- 5 20} boae® Togl) ]
netic transition of HoBi at zero field at 5.7 K. When E 51 K/ﬁ z\q\“«w . @
we apply a magnetic field along the [100] direction, 5 101 1’» L . i
we observe that magnetism in HoBi evolves strongly g ‘ ‘%»»»‘»»»b»‘
with the magnetic field. We find several field-induced 2 3 4 5 6 7

metamagnetic states. Hiy.3.a shows the evolution of Temperature (K)

temperature dependent/MI for several fields between

0.10 T and 5.00 T. For increasing fields the transition

is broadened and moved to lower temperatures. TheFigure 3: (a) MH for different fields show antiferromagnetic behav-
new metamagnetic states emerge for fields higher thanior below the transition temperature for the lower fields. tvigeen

1.50 T. For fields above 4 T metamagnetic transitions H=2 T and H=4 T different metamagnetic states are reached at the
) ) ! lowest temperatures and for field above 4.00 T no transitaseen.

are suppressed. Applying a magnetic field above 5.00 () \we showd(MT/H)/dT to better highlight the transition tempera-
T leads to a saturated paramagnetic state where all thewres [25]. Data for dferent temperatures have been shifted by 0.001
moments are aligned. cm?/mol. (c) Detail ofd(MT/H)/dT for some fields to show the types
of features found in this derivatives and the criteria usedtfe selec-
. tion of the transition temperatures. The-PIT and the H2.25 T data
In order to extract the transition temperatures from e shifted by 5 (ciimol) and -5 (cri/mol) respectively for better

the M/H data the temperature derivative MT/H visualization.



state. As the field is increased first a high temperature temperatures between 1.85 K and 6.00 K (above the
and then a low temperature shoulder (both associatedzero field transition temperature). The low temperature
with the metamagnetic states) emerge and the peakdata show a cascade of field-induced transitions that
becomes smaller and broader. For higher fields the disappear as the temperature is increased until no
peak disappears completely and only the two shoulderstransition is seen at 6.00 K.
remain. Fid.B.c shows three representative curves of
the series containing theftBrent features we associate Metamagnetic transitions in M(H) data are easily
with the transition temperatures. determined from the derivative d8iH (Fig[4b). Five
clean transitions can be seen as maxima in 1.85 K and
2.00 K data. For 2.50 K only three maxima can be seen
@) but a broad feature emerges around 2 T and its trace
can be followed up to at least 4.00 K. Between 3.00 K
and 5.00 K two maxima can be followed, while only
one remains at 5.50 K. At 6.00 K magnetization is a
straight line and all transitions have disappeared.

Magnetization (,/Ho)

4. Conclusions

With the data fromdM/dH and d(MT/H)/dT we
obtain a magnetic phase diagram shown in[Fig.5. For
the region above 3.00 K threefflirent areas are clearly
differentiated: the paramagnetic (PM) state abbye
the antiferromagnetic (AF) below this transition and a
metamagnetic state that is labeled as MM1. Below 3.00
K we can diferentiate four more metamagnetic states
labeled MM2-5.

(b)

dM/dH (u/Ho T)

In Fig[8.b we show a zoom over the low temperature
region of the phase diagram. We observe five phases,
which emerge at low temperatures from two magnetic

Field (T) phases. 2.5 K seems to be a characteristic temperature,
where the magnetic order becomes more complex
and field dependent. Fields higher than 5 T force all

Figure 4: (a) Magnetization measurements with the datdeshify magnetic moments to point in the [100] direction,

1ug between dierent temperatures. The low temperature data show |eading the system into an induced-ferromagnetic state.
a cascade of up to five transitions that disappear as the tatope
is increased. (b) We plot the derivative of the magnetiratiith the
magnetic field as a function of the magnetic field. Peaks spmed

Reference|_L_1|9] studied HoBi single crystals finding

to transitions, providing the phase diagram discusseddméxt fig- a cascade of six metamagnetic transitions at 1.5 K in
ure. Derivative data have been shifted y2HoT for the diferent a squeezed sample. These transitions appear for fields
temperatures.

lower than the ones we find here. From Maxwell rela-
tion ((0S/9P)r = — (0V/dT)p), and the positive thermal
We have also measured magnetization as a functionexpansion found in ref.| [19], we deduce that pressure
of the magnetic field at dierent fixed temperatures and stress should give lower transition temperatures.
up to 5.50 T. Previous measurements in Ref/ [19] find
significant hysteresis in most transitions. Here we find  To summarize, we have grown and characterized
practically no hysteresis. We ascribe thigfelience to single crystals of HoBi using the excess flux method.
the crystal growth method, which, in our case, should Our crystals have a very high RRR, evidencing a low
lead to more homogeneous samples. In our measure-concentration of defects and high electron mean free
ments, at saturation, magnetization at low temperaturespath. We have built a phase diagram showing a number
reaches the 1y expected from H&+ ions within of stable metamagnetic phases and their evolution with
the mass error. Figl4.a show the magnetization for increasing field and temperature. The magnetic phase

4



(a) 5.0 T T T T T T

"dM/dH

A
45 o ZF Resistance |
40+t . + Peak d(MT/H)dT
35 MM5 R % Low T Soulder ] 6. References
M4 * A q o High T Shoulder
3.0F 48 % a g
o MM3 * o, References
Z o5t as s MM1 :
T MV2 % & © PM ) .
© 20 anx > R [1] S. L. Bud’ko, P. C. Canfield, Comptes Rendus Physique 7
sl e o ] (2006) 56 — 67.
1ol N 1 [2] V. Crespo, J. G. Rodrigo, H. Suderow, S. Vieira, D. G. Hink
AF I. K. Schuller, Phys. Rev. Lett. 102 (2009) 237002.
0.5 * ] [3] J. A. Galvis, M. Crespo, |. Guillamén, H. Suderow, S. ivée
0.0k | | | | E3N E M. Garcia-Hernandez, S. Bud'ko, P. C. Canfield, Solid &tat
1 2 3 4 5 6 7 Communications 152 (2012) 1076 — 1079.
Temperature (K) [4] |(319C:98()328f_|‘ellg P. L. Gammel, D. J. Bishop, Physics Today 51
(b) 40— R A R [5] L. N. Bulaevskii, A. I. Buzdin, M. L. Kuli¢, S. V. Panjukg
o EM Advances in Physics 34 (1985) 175-261.
35l I - L - [6] D. Aoki, A. Huxley, E. Ressouche, D. Braithwaite, J. Fipiet,
MM4 4 = J. Brison, E. Lhotel, C. Paulsen, Nature 413 (2001) 613-616.
e [7] L. Petit, R. Tyer, Z. Szotek, W. M. Temmerman, A. SvaneywNe
. 30r MM1 ) Journal of Physics 12 (2010) 113041.
= MM3 ; o "
5 R [8] M.E.Mullen, B. Luthi, P. S. Wang, E. Bucher, L. D. Longitti,
T 25 B T N i J. P. Maita, H. R. Ott, Phys. Rev. B 10 (1974) 186-199.
L I [9] P.Pawlicki, R. Micnas, Phys. Rev. B 38 (1988) 6985-6990.
MM2 N =t [10] P. Bhardwaj, S. Singh, in: Proceedings of the World Geng
20 zEew AF b on Engineering 2011 (WCE 2011), Newswood Limited, Hong
Kong, China, 2011, pp. 2497-500.
[11] A. Svane, P. Strange, W. Temmerman, Z. Szotek, H. Winter

5 1 1 1 1 1 1 1 1 1 1
16 18 2.0 22 24 26 28 3.0 3.2 34 36

Temperature (K) (12]

[13]

Figure 5: (a) In the H-T phase diagram several magneticsstate be
differentiated. For low fields HoBi is paramagnetic (PM) dowii o
when it enters the antiferromagnetic (AF) phase. When higkeer-
nal fields are applied up to five metamagnetic (MM) states apigb)
Detail of the lower temperatures phase diagram. Lines aideguo
the eye.

[14]
[15]
[16]
[17]

diagram of HoBi is amazingly rich and deserves further [18]
study to understand the spin structure and series of
transitions until saturation. 1o

[20]

[21]
5. Acknowledgments

[22]
We thank discussions with J.V. Alvarez. This work [23]
was supported by the Spanish MINECO (Consolider
Ingenio Molecular Nanoscience CSD2007-00010 [24]
program, FIS2011-23488 and MAT2011-27470-C02-
02), by the Comunidad de Madrid through program
Nanobiomagnet and by NanoSc-COST program. We 2g)
also acknowledge Banco Santander. Work at the Ames|[27]
Laboratory was supported by the US Department of
Energy, Basic Energy Sciences, Division of Materials
Sciences and Engineering under Contract No. DE-
AC02-07CH11358.

L. Petit, Physica Status Solidi B 223 (2001) 105-116.

P. Fischer, A. Furrer, E. Kaldis, D. Kim, J. K. Kjems, P. Mevy,
Phys. Rev. B 31 (1985) 456-469.

B. Schmid, P. Fischer, F. Hulliger, Journal of the Lessrtnon
Metals 111 (1985) 191 — 193.

D. Kim, P. M. Levy, J. J. Sudano, Phys. Rev. B 13 (1976)4205
2065.

N. H. Andersen, J. K. Kjems, O. Vogt, Journal of Physics C
Solid State Physics 13 (1980) 5137.

J. Jensen, N. H. Andersen, O. Vogt, Journal of PhysicSdlid
State Physics 13 (1980) 213.

H. Taub, S. J. Williamson, W. A. Reed, F. S. L. Hsu, Soltdt&
Communications 15 (1974) 185 — 189.

P. Villars, Pearson’'s Handbook. Desk Edition. Crylsgilaphic
Data for Intermetallic Phases, ASM International, 1998.

] F. Hulliger, H. R. Oftt, T. Siegrist, Journal of the Lessr@mon

Metals 96 (1984) 263 — 268.

P. Fischer, W. Halg, F. Hulliger, Physica-B 130 (1985) 551 —
554.

C. Coban, K. Colakoglu, Y. O. Cift¢i, Physica B: Gdensed
Matter 405 (2010) 3977 — 3985.

S. Bhajanker, V. Srivastava, S. P. Sanyal, Physica Bidensed
Matter 407 (2012) 2376 — 2381.

P. C. Canfield, in: Solution Growth of Intermetallic §la Crys-

tals: A Beginner’s Guide.

P. C. Canfield, Z. Fisk, Philosophical Magazine Part EB#2)

1117-1123.

] P. C. Canfield, B. K. Cho, K. W. Dennis, Physica B: Conaghs

Matter 215 (1995) 337 — 343.

M. E. Fisher, Philosophical Magazine 7 (1962) 1731-3.74
C. V. Tomy, L. A. Afalfiz, M. R. Lees, J. M. Martin, D. M. Pqu
D. T. Adroja, Phys. Rev. B 53 (1996) 307-312.



	1 Introduction
	2 Material and Methods
	3 Results and Discussion
	4 Conclusions
	5 Acknowledgments
	6 References

