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Elastic constants of PrFgP;, in magnetic fields
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Elastic properties of PriB;, have been investigated by means of the ultrasonic measurement. A softening
has been observed in the elastic consténts and (C1,— C4,)/2. This indicates that the ground-state multiplet
3H, of 4f2 configuration in Pt hasl' 3 symmetry. Temperature dependenc€gf shows that the pronounced
dip appears aroundy in magnetic fields and it becomes larger with increasing magnetic fields up to 2 T, then
it is suppressed gradually by applying higher magnetic field. This dip disappears completely in the magnetic
field above 3 T. Furthermore, a transition has been observed in the magnetic field dependén¢eatof
constant temperatures. Al¢T) phase diagram has been proposed by the obtained results. Experimental results
suggest that antiferroquadrupolar interaction plays an important role.
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[. INTRODUCTION gested antiferromagnetic spin wave. From these experimen-
tal results, the phase beloly has been considered to be an
A system of ternary iron phosphid®Fe,P,, compounds antiferromagnetic ordering, so farTo our knowledge, no
(Ris rare earthhave attracted much attention in recent yeargnagnetic Bragg peak has been found in neutron diffraction
because of their mysterious magnetic and transporfneasurement.
propertieé_e Depending on the rare-earth element in Prionin Compounds is so stable that Pr-based Compounds

RFe,P;, compounds, they exhibit various interesting phe-nave been considered to be more rigid against attempts to

nomena, such as superconducting beldy=4.2K in drive them into instability than Ce- or Yb-based compounds.

LaFeP,, semiconducting in CeEB,,, “antiferromagnetic” PrFeP;, exhibits metallic conduction at high temperatures

below Ty=6.4K in PrEgP,,, and ferromagnetic below and shows a Kondo-like logarithmic temperature dependence
. s C

17 ;
—1.9K in NdFaP,, Also when replacing Fe and P sites below 130 K- According to the recent de Haas—van Alphen
i (dHvA) measurements, extremely heavy electron mass has
by other elements, they exhibit many anomalous

_14 been observetf These results may indicate the instability of
phenomend:

. . .. the electronic state in Prg@.
RFe,P1 cqmpounds c_rystalllze in the _f|||ed skutterudite In this way, PrFgP;, exhibits various magnetic and trans-
structure, which has the isostructural cubic structure belon

, 510 rr %ort properties. Especially, the character and the origin of
ing to the space groun3.™>Within the bce network of Pr g ;e pehaviors are not still clear. Thus, we have performed
atoms, the eight-corner-sharing Fe-8ttahedrals are dis- yjtrasonic measurements to elucidate the magnetic properties
torted along triad axes into trigonal antiprisms. The crystalue to 4 electron nature aroundly including CEF effect
structure is shown in Fig. 1. The rare-earth atomRke,P;»

locate at the positions with the site symmetryTﬁt

The magnetic properties reported before would indicate
that Pr ion in PrFgP,, is trivalent! The inverse susceptibility [001]
gives the effective moment of Prifg, to be 3.6 in the
temperature range from 80 K to 300 K. This value is close to
that of PP* free ion value of 3.585 . Likewise, the effective
moment is estimated to be 348 below 40 K. This differ-
ence would be caused by crystalline electric fieDEF) ef-
fects.

PrFeP;, undergoes a phase transitionTaj=6.4 K. The
resistivity shows a steep increase beldy. A cusp is ob-
served in its inverse susceptibility &f,, and a remarkable
peak is observed in the specific héaf.No crystallographic

phase transformation has been found in x-ray powder diffrac- Pr o Fe @ PO

[100]

tion experiment at temperatures down to 4 Khere is the

magnetic-field-induced transition in the magnetization pro-

cess belowTy. This transition has been considered to be FIG. 1. Crystal structure of Pri,, which has the isostructural
either a spin-flop or metamagnetic transitioSpecific heat cubic belonging to the space grolip— Im3, which is characterized
in ordered state showE® temperature dependence and sug-by the lack of fourfold symmetry alongl00 direction.
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and the elastic properties accompanying them. In this paper, 264 F L B
we will report the anomalous behavior in the elastic con- 262 F PrFesP12 ]

stants on PrE£;, in magnetic fields. 260 &
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252
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Il. EXPERIMENT

Single crystals of Pr&@;, were grown by the tin-flux
method. The evaluation of sample quality by residual resis-
tivity ratio (RRR) was difficult in this system due to a large
jump in its resistivity atT, . However, high quality of the
sample is assured by the fact that dHVA signal was observed.
Each specimen used for the present ultrasonic measurement 3438
was cut into a rectangular shape with two axes along the Tt
(002 and(110 directions. The specimen used in our study 34.6
has a size of 2.22.3x2.8mn? with the crystallographic 29.60;
(100 axis directed along the largest dimension. This speci-
men was cut from the same ingot used in Refs. 3 and 17. The
sample was polished by polishing papers. 29.56

The sound velocity was measured by an ultrasonic appa-
ratus based on a phase comparison method at the tempera-
tures down to 1.5 K in the magnetic field up to 8 T. Plates of Temperature (K)
quartz and LiNbQ were used for the piezoelectric transduc-
ers. The fundamental resonance frequency of quartz ar:ﬂ:
LiINbO; transducers is 10—-30 MHz. The transducers wer
glued on the parallel planes of the sample by an elastic poly- o ) .
mer Thiokol. The absolute value of the sound velocity wasPerature decreases with increasing fields. Above 3 T, the
obtained by measuring the delay time between the ultrasoni¢ansition is a low-temperature one, below 4.2 K, and the dip
echo signals with an accuracy of a few percent. The elastiéisappears. The largest anomaly was observed in the fields of
constant was calculated &= pv? by using the sound ve- 2 T at 5 K. A minimum structure appears above 4 T, as
locity v and the density of the crystal. The lattice constants indicated by arrows in Fig. 3. It shifts to higher temperature

of PrFgPy, at room temperaturea= 7.8053 A) (Ref. 17  With increasing magnetic fields. Figure 4 shows the tempera-
were used for the estimation of its densityp ( ture dependence &,, aroundTy under the magnetic fields

—5.1417 glcrf). along (001) axis. At zero fieldsC,, increases slightly with
decreasing temperature and increases abruptly b&jpwA
small dip was observed above 1 T. In contras€Ctq, how-

lll. EXPERIMENTAL RESULTS ever, a huge dip was not observed @y,. Two distinct

We have measured the longitudinal as well as transversanomalies can be observed at 2 T. At this moment, it is not
ultrasonic velocity. Figure 2 shows the temperature depertlear whether this is intrinsic or not.
dence of the elastic constar@s;, (C1;— C1,)/2, andCyy, in Figure 5 shows the field dependence ©f; at several
PrFeP,,. We used 10 MHz for the measurement®f;, and  temperatures arounty . At. 10 K the elastic constant shows.
18 MHz for (C1;—Cy,)/2 andC,,. They increase monoto- NO remarkable magnetic field depe.ndence. With a decreasing
nously with decreasing temperature. The constantiémperature, however, a clear dip appears gradually and
Cy1, (C1—Cyp)/2 show maximum around 20 and 30 K, shlfts_to I_ow magnetic fields, as indicated by arrows in Fig.
respectively, and then a slight softening is foundCipy and 5. This dlp cor_responds tq the observed one in the tempera-
(C1;—C1,)/2 below these temperatures. They show anfure scan in Fig. 3. The dip grows tovdaR T at 5 K.Th|.s
abrupt increase below,=6.4K. On the other handC,, experimental result accords with the fact observed in the
increases monotonously with decreasing temperature above
Tn. No softening has been observed in zero fields. The ab- TABLE I. The absolute values of each elastic constants and
solute values of each elastic constants and calculated buBstimated bulk modulu€g, Poisson ratioy at 4.2 and 77 K.
modulus Cg=(Cy;+2C;5)/3 and Poisson ratio vy

Elastic Constant (GPa)

29.58

P | S I b
0 50 100 150

FIG. 2. Temperature dependence of the elastic cons@qts
11— C19)/2, andC,, in PrFgP;, in zero field.

=Cy,/(Cy;+Cyp) from Cqy and (Cy;—Cyp)/2 at both 77 Elastic constants
and 4.2 K are listed in Table I.

At first, we look at temperature dependenceCef around Mode aazK arrK
Ty under the magnetic fields aloq§01) axis, as shown in Cu 261 GPa 258 GPa
Fig. 3. In the magnetic fields below 2 T;; shows a dip (C11—Cy)/2 35.16 GPa 34.98 GPa
structure at a certain temperature, which corresponds to the Cus 29.60 GPa 29.58 GPa
transition. It becomes larger with the increase of magnetic Cgz=(Cy;+2C;,)/3 214.12 GPa 211.36 GPa
field. Then the dip becomes smaller as the increasing mag- ,=cC,,/(Cy;+Cy,) 0.4222 0.4216

netic field crosses 2 T. Simultaneously, the transition tem
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FIG. 5. Magnetic field dependence 6%, in PrFgP;, at con-
stant temperatures in arbitrary units. Arrows indicate the phase tran-
FIG. 3. Temperature dependence®f; in PrFgP;, aroundT,,  Sition points.
under the magnetic fields alog@01) axis in arbitrary units. Arrows
indicate the magnetic transition temperatiizg.

Temperature (K)

diagram as shown in Fig. 6. The darkness of the marks rep-
resents the largeness of the elastic constant anomalies. The
temperature dependence. In lower temperature below 4.1 }Qoundary _indicated by a SOI.id Ii_ne Is CO”SiSt?r_‘t with the re-
this dip splits into two and an additional elastic anomalySUItS obtained ”0”? magnetization and specific st is .
appears. The lower transition field shifts to lower side, Wh”esu_ggegted that this boundary comes from thg magnetic
the higher one shifts to higher side. The higher field transi°"9'"- The new boundary _obser\{ed as an e_Iastlc ano_r_naly
tion is consistent with the former results of the magnetizatioHn Fig. 5 goes up to the higher field side with a positive

measurement. The lower field transition is observed in this F
study. i
From these experimental results one can draw the phase 1 PrFe P,
Sk 4
il - 6T g
E \ E —~ ]
: ST )
L TTT——— 3 =
- S 3 I
: 35T = .
3 3T 2
SIER\N E ]
OF Y 25T 73 o Lemtt s
St 2T 3 s | -~ _
- B [ E F g 1
wnr 3
13 3 1f ' .
S } E I v v ]
3 15T 3 :
@ & 3 [ ]
gf_ 3 0—....|.L.,1.lL.4)..‘l....-
3 | 3 0 2 4 6 8 10
3 T Temperature (K)
" _ FIG. 6. Phase diagram of PrfRg, under the magnetic fields
3 ! 05T 3 along(001) axis. Closed circles are the phase transition points ob-
3 PrFe P OT 3 tained fromC,;. The darkness of the marks represent the sharpness
P , T A T of the elastic constant dips. Under the assumption that the transition
5 10 at 6.4 K would be due to the magnetic ordering, our proposed
Temperature (K) model is following: | is the paramagnetic phasE;), Il is the

induced ferromagneticantiferro quadrupolar phase, Ill is the anti-
FIG. 4. Temperature dependenceQ@y, in PrFeP,;, aroundTy ferromagnetic phaseantiferro quadrupolar phase, IV is the antifer-
under the magnetic fields alog@01) axis in arbitrary units. Arrows romagnetic phase, and V is considered to be the paramagnetic phase
indicate the magnetic transition temperatiizg. (T3+T,).
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curvature in higher temperature. This boundary is obvious 255.8
below 5 K. It becomes gradually smaller and obscure above PrFe P
5 K. It should be noted that the points aroud T and 5 K 555.6 412

have huge dips. This area is considered to be a kind of criti-
cal point in this phase diagram. Furthermore, one could draw
a boundary abovd, from the shallow anomaly irfC4;. = 255.4
This lies aroud 2 T and is mostly independent of tempera-

(GPa)

o oooaﬁﬂﬁM

ture. This boundary is also obscure. © s o &
g
z /0{2 Calcullation
IV. ANALYSIS AND DISCUSSION S 255.0 - - Experment)
First, we discuss the CEF splitting of thé kevel of PP+ Z H=2T
in PrFgP,,. The Hund’s ground state of multiplétH, in K 254.8
4f2 configuration of Pt ion is J=4, which splits intol"; o
singlet,I", triplet, "5 doublet, and"5 triplet under the cubic 254.6 c
CEF®*? There are two terms in the CEF Hamiltonian as . s s 10 12

09+50% and 02— 2103 for the site symmetryD,, and Ty.
Because P ion in PrFgP;, is in the site symmetr{f,, the
CEF Hamiltonian has the additional terms B§(O5— 09), FIG. 7. Temperature dependence of the elastic consta@t, pf
where Bg is the proportional coefficient. This causes thein PrFeP;, aroundTy under the magnetic fieldd @ T along(001)
slight change in the #level splitting. The degeneracy of the axis. Dotted line means a theoretical fit in terms of Eg2) in text.
above state multiplets is not affected by introducing the adHere, we obtain the parametgf = —5.2 K<0.

ditional term. Especially, the relative energy schemd of ) ]

andT 5 is the same, but those B, andT's are dominated by Story as a singlet-ground-state problé%wvhere the interac-
the value ofB}. This may bring a new feature in the CEF tion between thermally induced magnetic moments brings

splitting that has not been expected @y and T, system&'? about the magnetic order. If this is so, the first excitation
Previous reports on specific-heat measurement ofhergy must be of the same order in magnitude as the order-

PrFeP;, stated that the magnetic entropy reackds 2 at "9 temperature and the magnetic interaction. _

nearly 5.5 K andRIn3 at nearly 7 K This implies the I3 ground state may bring a quadrupolar ordering or a

ground state to b& 5 doublet,I", or I's triplets charge ordering transition. Actually, there is antiferro qua-
The ordered statse below 62 K insPaP@z has been con- drupolar interaction as mentioned below. We analyze the

sidered to be antiferromagnetic so far, although the magnetigmpﬁratgrle.2d3§£)6endence Gh, at 2 T with the following
structure has not been determined. It is supported by thE"mula(5.1:

Temperature (K)

magnetic susceptibility and specific heat measuremdrits. Ng2y3(T)
temperature dependence of the specific heat was reported in Cr(T)=C¥(T)— L FS _ 4.1
the ordered state, which has been considered to be due to 1-9grxr(T)

_antifer_romagnetic s_pi_n waveMagnetic susceptibility exhib- HereN is the number of Pr ions in unit volume a@{(T) is

Its antlferrome_lgnetmhke cusp anomaly at 6.4 K. the lattice part without quadrupolar-strain couplimg .
The softening ofC,; and (C4,—C4,)/2 strongly suggests x2(T) denotes the quadrupolar susceptibility for tHeelec-

the ground state of Pr ion to té; symmetry. Ifl's is the tronic state in the CEF potentiay. is the quadrupolar inter-

g_round statel’y or I's as an exited state will be needed_, action between BF ions. For PrFgP;,,I'; doublet is the
sincel’3 has no magnetic moment. Very recently, magnetic

- . . round state. Therefore, the Curie term of thedoublet is
structure has been investigated by neutron scattering. How; . . L
; d dominant in the quadrupolar susceptibility at low tempera-
ever, no Bragg peak has been found at zero fields.is

considered that the kind of the ordered state is still not cleartures' IfT3 doublet is dominant, and then the formi#al) is

Nevertheless, the energy scheme thatis the ground r?wr;ttefnthby US'EQXF_IAF/ T, Whﬁgﬁ.f‘r_ is the Curie con-
state andl', the first excited state would be preferable to Stant of the quadrupolar susceptibiity-
explain the elastic and magnetic properties of this system. Ng?Ar
Susceptibility and magnetization measurements imply the CF(T)ZC%(T)—ﬁ.
existence of the level having the magnetic moment to be the 9 Ar
ground state or located near the ground state. Because of @& shown in Fig. 7, the fitting curve gives us the parameter
softening inC,,4, this work suggests thdts is a state with a  of To=g'Ar=—5.2 K. This result implies that the antiferro
large excitation energy, fdrs triplet causes the softening in quadrupolar interaction among quadrupolar moments with
C,4. Otherwise, according to the Lea, Leask, and WolfI'; symmetry develops at low temperatures in magnetic
(LLW) calculation,I's must locate at a much higher energy fields.
than thel', in the cubic symmetry cas8. The obtained value of is so similar toTy, that it would

If the ordered state really comes from the magnetic originpe interesting to see whether the antiferromagnetic quadru-
I's-T'4, scheme brings the magnetic ordering by the samgolar interaction plays a relevant role in this system. It is

(4.2

184429-4



ELASTIC CONSTANTS OF Prig;, IN MAGNETIC FIELDS PHYSICAL REVIEW B 63 184429

difficult to conclude at this moment that the transition at 6.4study, which goes up to higher-field side with a curvature in
K originates from a quadrupolar ordering, because the softhigher temperature. In addition, the boundary lies at fields of
ening is not large enough compared to typical materials ir2 T, which is mostly independent of temperature abdye
which those orderings occur. Many other systems that unAs experimental facts, the field &=2 T has a particular
dergo quadrupolar ordering, such as Tm{Ref. 27 or = meaning in this system. The value of this field corresponds to
TmAu,,%® show no remarkable anomaly in the susceptibility 1 K. If the logarithmic temperature dependence in the resis-
and a large elastic softening at the transition temperature. Itivity comes from Kondo effect, the Kondo temperature is
this sense, the transition of PyRg, would be most likely of  evaluated to be nearly 30 K from the resistivity midpoint
magnetic origin. reported beforé’ There is some relation between the char-

The effect of quadrupole appears in the magnetizatioracteristic temperature in Prig.:
process. It is mostly isotropic in the ordered state. This is due
to lack of uniaxial or biaxial anisotropy, which is mainly Tk>Tn>A/Kg . (4.3
coming fromI's level in case of PrE@;,. Therefore, the As already mentioned, this system is a possible candidate for
isotropic behavior in the magnetization process is consistenthe system showing the quadrupolar Kondo effect. If it is
with our conclusion thal's has a high excitation energy, really so, both magnetic and quadrupolar moments will be
which is deduced from our elastic measurement. Bushrunk by the Kondo screenirit:*° This effect makes the
it shows the pronounced anisotropy abdvgof nearly 3 T elastic softening o€, and (C,;— C;,)/2 weaker. The origin
in the induced ferromagnetic statd, is itself anisotropic. of A is an open problem.
Similar behavior is seen in NgB° Generally speaking,
these phenomena are inconsistent with each other and can be V. CONCLUSIONS
explained by taking the role of quadrupolar interaction into
account. If a quadrupole moment is induced by the magneti&r
field and the quadrupolar ordering occurs, it would introduce
the anisotropy. This consideration leads the phase IV to b8
due to an antiferro quadrupolar ordering. The fact that thé
magnetization shows no remarkable anomaly at this field i
consistent with our consideratidn.

PrFeP;, shows a huge value &,,/T, whereC,, means
the magnetic contribution to the specific h2&specially at
6 T, in which the ordering has already been destroyed b
magnetic field"*? it reaches nearly 1.4 Jfnol. Further-
more, in the recent dHvVA measurement of Rfgg very
heavy electron masses of about eighty times compared to
freevglectron have been reported gy )éugavmral.lspThe mg_the temperature depeno!ence(_l;fl, we proposed that the
resistivity also shows a Kondo-like logarithmic temperatuream'ferro quadrupolar ordering with; symmetry would oc-

dependence, with a minimum near 200 K, with decreasin%urlindhuced by m_agnetic fibellds. Itd_is indficated, fror:n thisi
temperature&’ The origin of this typical heavy-fermion-like WOrk: that PrPgP;; is a possible candidate for a two-channe

behavior is not clear. But these results let us imagine Kond(guadrupolar Kondo effect. For a further and quantitative dis-

effect to have some responsibility for the observed Iohenomc_:ussion, it is necessary to make clear the magnetic structure

ena in PrEgP,,. Cox and Zawadowski discussed the quadru-and the explicit total level scheme of multiplets of Pr ion in
polar Kondo effect to explain the phenomena observed in thE"FaPr2
U compounds$®~3'The wave function of § state in U com-
pound has the more extended wave function th&rode in
Pr compound. However, this model can be applied to the Y.N.and M.Y. would like to thank Professor K. Takega-
case of Pr compounds, because they both have the sarhara at Hirosaki University and Professor H. Harima at
configuration off electrons. Heavy effective mass of conduc- Osaka University for helpful discussion. We are grateful to
tion band would be caused by this mechanism. Agung Imadudin, K. Shimomura, and M. Nakamura for their
Let us come back to the magnetic phase diagram detehelp in the ultrasonic measurement and the operation of the
mined by this study. The solid line in Fig. 6, which is deter- cryogenic apparatus. The measurements have been carried
mined by C,;, is the boundary due to the magnetic orderout in the Cryogenic Division of the Center for Instrumental
reported beforé:®2?° Another boundary was found in this Analysis, lwate University.

In this paper we have presented the elastic properties of
FeP;,. We have measured the temperature and field de-
endence of elastic constan@y,, (C1;—C19)/2, andCyy
nd determined the phase diagram. From our experiments we
btain the following conclusions. The orbital freedom of the
5 doublet ground state is responsible for the elastic soften-
ing of Cq; and (C41,—C4,)/2 aboveTy. The first excited
state is considered to B&. In this scheme, magnetic order-
ing can occur in the frame of singlet ground-state story.
owever, the properties of the phase below 6.4 K are not
clear. We found an anomaly in the elastic constant, which
v()iould indicate the existence of unknown phase. By analyz-
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