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The magnetic properties of the rare earth intermetallic compound PsMe& characterized by carrying
out magnetic susceptibility, magnetization, and heat capacity measurements and performingoAPW
LDA+U electronic band structure calculations for several ordered spin states of RriVimStemperature
dependence of the magnetic susceptibilities shows strong hysteresis at low magnetic fields and exhibits
hysteresis under magnetic fields up+® T. The magnetizations present unusual hysteresis loops as a
function of temperature. The magnetic susceptibility and heat capacity measurements reveal that PrMnSi
undergoes three magnetic phase transitions, one belsvK and two below~20 K. The probable
causes for the observed anomalous magnetic properties were discussed on the basis of nearly degenerate
ordered spin states found from electronic structure calculations.

1. Introduction atoms of each Mn layer are ferromagnetically coupled, with
The rare earth intermetallic compound PrMn&onsists moments perpendicular to the layer, so are those of each Pr

of two-dimensional square-net layers made up of Mn atoms. 'aY€r, and all adjacent Mn and Pr layers are antiferromag-
These Mn layers sandwich parallel silicon-ribbon chains such N€tically coupled to each other. The magnetic moment of
that the terminal Si atoms cap the Msguares of each Mn Mn at room tgmperature is approximately.g parallel to
layer to form MnSi tetragonal pyramids (Figure 1). The pr the b-axis while those of Mn and Pr below 35 ZK are
atoms reside in the “iMn,” cages located between two respectively 2.35 .and 2.0/45% parallel to theb-axis? In
adjacent Si-ribbon chains and the Mn layers so that eachdeneral, rare earth intermetallic compounds RMRMmX,

Mn is tetrahedrally surrounded by four Si atoms and four pr @nd RFeXe (R = rare earth, X= main group element)
atoms. There occur two separate layers of Pr atoms betweerFonsisting of single Iayers of transmo'n metal atoms exhibit
two adjacent Mn layers so that the layers of the magnetic @ '0ng-range magnetic order at high temperattrés.
atoms Mn and Pr repeat in the sequene®—Mn—Pr—)., particular, the RMpX, phases, which have been extensively

along theb-direction. The compound PrMnsias intriguing studied during the past 2 decades, exhibit multiple phase

magnetic properties: It was reporteithat PrMnSi shows transitions associated with magnetic interactions between Mn

a ferromagnetic (FM) ordering of the Mn sublattice up to &nd Mn, R and Mn, and R and RThe Mn layers of the

Tc = 434 K and an additional magnetic ordering of the Pr RMnX, phases are farther separated than are those of the

. . 2

sublattice at low temperatures, eventually leading to an RMM2X2 phases:? Nevertheless, the RM>phases show a

antiferromagnetic (AFM) structure belowy = 35 K. long-range magnetic order at high temperatdfésamong

According to the neutron diffraction study at 4.22Khe the RMnX, phases that have been studied so far, PrivinSi

is unique because its magnetic coupling between adjacent
 Permanent address: ICMGEENRS, 87, avenue du Dr. A. Schweitzer, ~ Mn layers changes from FM to AFM. The latter accompanies
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Figure 1. Crystal structure of PrMngi (a) a square net of Mn atoms, (b)
a Pr atom in a SiMn4 cage and a MiBi square pyramid, (c) the coordinate
environment of a Mn atom, (d) a perspective view of PrMrsbiowing the
magnetic-atom layer sequence Rr—Mn—Pr—), along the b-direction
(indicated by an arrow), and (e) a silicon-ribbon chain.

and the heat capacities of PrMaSResults of our experi-
ments were interpreted by calculating the electronic band
structures for several ordered spin states of PrMnSi

2. Experimental Section

Samples of PrMnSiwere prepared with the elements purchased
from Alfa Aesar: Mn (dendritic pieces, 99.98%), Pr (1-mm thick
foil, 99.9%), and Si (lumps, 99.9999%). The Mn pieces were
cleaned by etching the surfaces in a HN&lution (10 wt %).
The oxide on the surface of the Pr foil was scraped off carefully.

Kim et al.

theoretical values are 55.9, 21.8, and 22.3, respectively. The XRD
pattern showed a very small Bragg reflection peakét216.2
(Figure S1), which is assigned to Pri8i. PrMn,Si, exhibits an
AFM state [y = 368 K) and does not undergo any phase transition
in the temperature region of our measureméfit€onsequently,
any significant changes in the magnetic susceptibility of the sample
should be associated with PrMa®iecause the overall magnetic
susceptibility of a sample is the sum of the susceptibilities of its
components. The same applies to our heat capacity measurements.
The magnetic susceptibilities and magnetizations were measured
with a MPMS SQUID magnetometer (Quantum Design, 6325 Lusk
Boulevard, San Diego) on a polycrystalline sample of irregular
shape. The heat capacities were measured using a commercial
Physical Property Measurements System calorimeter (Quantum
Design, 6325 Lusk Boulevard, San Diego) employing the relaxation
method. To thermally anchor the crystals to the sample holder
platform, a minute amount of Apiezon grease was used. The total
heat capacity of platform and grease was determined in a separate
run and subtracted.

3. Magnetic Susceptibility, Magnetization, and Heat
Capacity

The magnetic susceptibility measured at the magnetic
field H = 0.1 T is presented in Figure 2, which shows a
strong hysteresis in the cooling and warming cycles. On the
cooling cycle, a sharp decreaseyimccurs at~50 K and a
slope change in thg-vs-T curve occurs at-17 K. On the
warming cycle, the susceptibility is low at low temperatures
up to ~40 K with a small peak at-14 K and increases
sharply above~50 K. How the hysteresis of the magnetic
susceptibility depends oH is presented in Figure 2. The
hysteresis nearly disappears~& T, but is present at field
H < ~5 T. The susceptibilities of the cooling and warming
cycles at 50 K decrease sharply urtlreache 1 T and
then decrease slightly (Figure 3), while thoge2eK vary
little as a function ofH (see the inset of Figure 3). The
susceptibility curvest& T show deep valleys at 25 K (Figure
2) because the susceptibilities around 25 K do not increase
as fast as thoset 2 K whenH is increased to 2 T. These
susceptibility valleys disappear whehis increased beyond
3 T (Figure 2). The latter indicates that the tendency for

Stoichiometric amounts of the elements were mixed and fused by antiferromagnetism is Suppressed at field equal to or greater

arc-melting under an argon environment with a zirconium oxygen-
getter. Due to the evaporation of Mn during the arc-melting, the

best results were obtained when Mn was loaded in excess (10 at

%). The resulting button was inserted into ap-filed Ta-tube

than 3 T. This is consistent with the result of the magnetiza-
tion study by Venturini et al.

In the magnetization study of PrMnSlby Schobinger-

container, which was later sealed by arc-welding and placed in an Papamantellos et &l.only the coercivity data were reported
evacuated and flame-sealed fused silica tube. The sealed silica tub@t several temperatures. In the present study the magnetiza-

was heated at 1373 K for 15 days and then cooled radiatively to

tion of PrMnS}; was examined by sweeping the magnetic

room temperature. After the reaction, the Ta-tube container showedfield up to 7 T at anumber of different temperatures. These

no visible sign of reaction with the samples.
With the powder X-ray diffraction (XRD) data obtained for the

results are summarized in Figure 4. At all temperatures
studied, the magnetization curves exhibit hysteresis. At 35

sample used for our property measurements, a Rietveld refinement 5ng above, each plot shows one hysteresis loop. At 45 K

was carried out. The results of our refinement are summarized in
Figure S1 and Table S1 of the Supporting Information. The refined

unit cell parameters and atomic positions are in good agreement

with those reported by Malaman et2alVith inductively coupled

plasma atomic emission spectroscopy we also performed an
elemental analysis of the sample used for our property measure-
ments. This analysis shows that the bulk composition of the sample

is stoichiometric within the experimental error limit, namely,
Pr: 56.1(4), Mn: 21.6(4), and Si: 21.9(4) wt %. The corresponding

and above, the magnetic moment ab@T is notsaturated
but is linear with the magnetic field. At 5 and 20 K, the
magnetization curve looks as if it is made up of two weak

(5) Welter, R.; Venturini, G.; Fruchart, D.; Malaman, B.Alloys Compd.
1993 191, 263.

(6) Elmali, A.; Dincer, |.; Elerman, Y.; Ehrenberg, H.; Fuess, H.
Phys.: Condens. Matte2004 16, 8669. Sjstedt, E.; Nordstnm, L.;
Singh, D.Solid State Commur200Q 114, 15.
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Figure 2. Temperature dependence of the magnetic susceptibjlittdPrMnSp measured for the cooling and warming cycles at various magnetic fields.
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Figure 3. Magnetic-field dependence of the magnetic susceptibilities of
PrMnSp at 50 K. The empty circles refer to the cooling cycle and the crosses
to the warming cycle. The corresponding data2aK are shown in the
inset.

hysteresis loops centered around 3.5 ar®i5 T. Figure 5
shows the magnetization at 7 T, hereafter referred to as th
maximum magnetizatioW ., as a function of temperature.
Mmax decreases with increasing temperature, andMhegx

vs T curve is well fitted by a Gaussian function.

The specific heat, of PrMnS; measured for the warming
cycle is presented in Figure 6 and the correspon@pd@
plot in the inset of Figure 6. It is noted that the specific heat

e

does not show a prominent feature around 50 K where the
magnetic susceptibility curves at low magnetic fields undergo
an abrupt change. In contrast, the specific heat shows a
prominent feature consisting of two overlapping peaks
centered around~14 and ~17 K, where the magnetic
susceptibility curves at low magnetic fields exhibit a weak
anomaly.

4. Electronic Band Structures

Density functional theory (DFT) spin-polarized electronic
band structure calculations were carried out for PrMnSi
using the full-potential augmented plane waxe local
orbitals (APWt-lo) method 8 implemented in the WIEN2k
packagée®. The Pr 5s/5p, Mn 3s/3p, and Si 2p orbitals were
treated as semi-core states, and the Pr 4d orbitals were treated
as core states. To account for the localized character of Pr
4f orbitals, the LDA+U scheme of Anisimov et dlwas used

(7) Madsen, G. K. H.; Blaha, P.; Schwarz, K.;"Sjedt, E.; Nordsthm,
L. Phys. Re. B 2001, 64, 195134.

(8) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J.
WIEN2k, An Augmented Plane WaPlus Local Orbitals Program
for Calculating Crystal PropertiesVienna University of Technol-
ogy: Vienna, Austria, 2001; ISBN 3-9501031-1-2.
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temperature.

with parameterdJ(4f) = 0.5 Ryd andJ(4f) = 0.05 Ryd.
The plane-wave cutoff waByr+Kmax = 7, while 60 to 72

Figure 6. Heat capacityC, of PrMnSk as a function of temperature
determined for the warming cycle. The inset shows@d vs T data.

Several ordered spin arrangements of PrMn®ere

k-points were used to sample the irreducible Brillouin zones. constructed under the assumption that the Mn atoms are
The atomic sphere radii were set to 2.70 au for Pd, 2.35 auferromagnetically ordered in each Mn layer, and so are the
for Mn, and 2.20 au for Si. For our calculations, the crystal Pr atoms in each Pr layer. These are the FM state and the

structure of PrMnSidetermined by neutron diffraction at 2
K2 was employed.

(9) Anisimov, V. I; Solovyev, I. V.; Korotin, M. A.; Czyzyc, M. T,
Sawatsky, G. APhys. Re. B 1993 48, 16929.

three different AFM states (i.e., AF1, AF2, and AF3) shown
in Figure 7. The AF1 arrangement, in which all adjacent
layers of the magnetic atoms are antiferromagnetically
coupled, corresponds to the magnetic structure found by the
neutron diffraction study at 4.2 K, and hence should be the
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Figure 7. Ordered spin arrangements of the ferromagnetically ordered f —Mn *
layers of Mn and Pr atoms in the FM, AF1, AF2, and AF3 states.
Table 1. Relative EnergiesAE (meV per FU) of Several Ordered -2IO , -‘llo l (I] l 1b l 2I0
Magnetic States of PrMnSj and Magnetic Moments on the Mn and
Pr Atoms (up; and uun in us, Respectively) Calculated by the 1 ---- Total
APW-+lo/LDA +U Method Using the Crystal Structures Determined o — Mn 3d
at2 K — Si(1) 3s
Uer UMn AE Uper HUMn AE Slﬁ) 3p
FM 201 189 +178 AF2 200 195 -14 <0
AF1 201 194 0.0 AF3 202 191 +11 %
ground state spin arrangement. In the AF2 arrangement, the i
Mn layers are ferromagnetically coupled, and so are the Pr "4
w __________________________________

layers, but the Mn and Pr sublattices are antiferromagnetically e R
coupled. In the AF3 arrangement, adjacent Mn layers are

antiferromagnetically coupled, and each Mn layer is ferro- B rrrrrrrssses ' EEE bbb
magnetically coupled with its two adjacent Pr layers. The Kz \~  ____szT
relative stabilities of the F, AF1, AF2, and AF3 states LT EP Tt
calculated for tk 2 K structure are summarized in Table 1, -1.0 -0.5 0,0 05 1.0
and so are the calculated magnetic moments on the Mn and {1 ---- Total

Pr atoms. The plots of the total and partial density of states ——Mn3d

491 ——si@2)3s

(DOS) calculated for the AF1 state are shown in Figure 8. Si(2) 3p

The corresponding plots calculated for other ordered spin
states exhibit electronic features quite similar to those found
for the AF1 state (see below), and hence are not shown.

E-E, (eV)

5. Discussion

The linear part of the magnetization curves (Figure 4) at
45 K and above can be understood in terms of the
paramagnetism of the Pr atoms. T« value decreases
with increasing temperature (Figure 5) due to the paramag- .
netism of the Pr atoms because, at a higher temperature, the " ' " J " '

. ; L -1,0 -0,5 0,0 0,5 1,0
ordering of the Pr moments along the field direction becomes PR
more difficult. Results of our magnetic susceptibility and heat DOS (states.eV'.cell")
capacity measurements show that there occur three magneti€igure 8. Total and projected DOS plots of the AF1 state calculated for
phase transitions, one around0 K and two below~20 K the 2 K crystal structure of PrMngusing the APW-lo/LDA +U method.

. o . . Only the projected DOS plots for the up-spin sites are presented, and those
(i.e.,~14 and~17 K). At 5 K it is most likely that PrMnSi for the down-spin sites are the same as shown except for the switch between

adopts the three-dimensional AFM structure found by neutron the up-spin and down-spin densities. The Si(1) and Si(2) atoms refer to the
diffraction at 4.2 K (i.e., the AF1 state in Figure 7). Namely, terminal and inner silicon atoms of the silicon-ribbon chains, respectively.
in the absence of an external magnetic field, the ground Although the AF2 state is calculated to be slightly more
magnetic structureta5 K is AFM so that the overall stable than the AF1 state, the two states are practically the
magnetization should be zero. Thus, the occurrence of twosame in stability and constitute the most stable states. The
weak hysteresis loops observeadbaK (Figure 4) reflects a  AF3 state is less stable than the AF1 and AF2 states by about
field-induced ferromagnetism. The latter may arise from a 11 meV per formula unit (FU) and the FM state by about
spin ordering of the ferromagnetically ordered Mn and Pr 180 meV per FU. The neutron diffraction and the magnetiza-
layers. If so, it implies that the interlayer AFM interactions tion studie? of PrMnSi reported that the Pr moments in
are weak and hence this spin arrangement can be easilyeach Pr layer are disordered above 35 K, but are ferromag-
reversed by an applied field. This view is consistent with netically ordered below 35 K. In other words, an overall
the observation that the magnetization shows a saturationAFM ordering occurs when the FM ordering takes place
behavior at 5 K. within each Pr layer.
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Our electronic structure calculations suggest that the AFM fields, and the hysteresis persists for magnetic fields up to
state below~50 K can be of either the AF1 or the AF2 ~5 T. The magnetic susceptibilities measured at a low
type. This leads us to speculate on the nature of the magnetianagnetic field and the heat capacities show that, in addition
orderings that take place below20 K. The AF1 ordering to the magnetic phase transitionab0 K which corresponds
is consistent with the magnetic structure determined at 4.2to the one reported by Venturini et AIRrMnSi undergoes
K. Thus, the magnetic structure in the temperature region two additional magnetic phase transitions bete0 K. The
between~20 and~50 K might be described by the AF2  magnetization curves of PrMnSexhibit hysteresis at all
ordering. Then, the magnetic transitions that occur below temperatures measured. At> 45 K the magnetization
~20 K could be associated with the transition from the AF2 shows a linear behavior fdd > 6 T, which is due to the
to the AF1 arrangement. The spin ordering of the Mn paramagnetism of the Pr atoms. The magnetization at 5 K
sublattice is the same in the FM and AF2 states so that theconsists of two weak hysteresis loops centered around 3.5
long-range order of the Mn sublattice is unaffected when and—3.5 T, which reflects the occurrence of a field-induced
the spin ordering of the Pr layers changes from paramagneticferromagnetism. The decrease of the maximum magnetiza-
to FM below~50 K. For the transition from AF2 to AF1,  tjon M., with increasing temperature follows a Gaussian
the spins of every second-Pr—Mn—Pr—). triple layer  fynction. Our electronic structure calculations show that
should be reversed. This change in the magnetic structureprpnsi, is a magnetic metal with low carrier density at the
may explain why theC,/T data show the prominent overlap-  Fermi level and with magnetic moments of approximately 2
ping peaks belovr-20 K. The presence of two overlapping .. on the Mn and Pr atoms. Therefore, the electrical
peaks at~14 and~17 K can be accounted for if the regisiivity of PrMnSj is expected to show a sensitive
transition from AF2 to AF1 takes place through another yenendence on the magnetic order/disorder in the Mn and
ordered spin state (€.g., a hybrid between AF1 and AF2). pr|ayers and hence exhibit a substantial magnetoresistance.

According to our electronic structure calculations, the o, caiculations suggest that the magnetic transition below
magnetic moments on the Mn and Pr atoms are ap- _,q g could be associated with the transition from the AF2

proxmatekiy 2/53’ ang ”II/T Pr ator[r_ cgrrlfs _?hS“ghtly Igrger dto the AF1 arrangement. Further experimental and theoretical
moment than does the Mn atom (Table 1). These are in goo studies are necessary to fully characterize the nature of the

agreement with the experimental observatibs.cording : - .
! . . magnetic phase transitions of PrMa®elow ~50 K.
to the DOS plots of Figure 8, the Fermi level lies at the ghetic p " e W

bottom of a DOS valley, hence leading to a very low DOS )
at the Fermi level (i.eN(E;) ~ 0.6 states/spin per FU), and __Acknowledgment. Thed Vgork hat Nﬁqrth cf:am"r.'a State
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