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Crystalline electric field effects in PrNi,B,C: Inelastic neutron scattering
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PrNi,B,C as a member of the borocarbide series is characterized by antiferromagnetic order below Ty
=4 K and the absence of superconductivity (at least down to 100 mK). There are two effects responsible for
the absence of superconductivity in PrNi,B,C. These are the strong conduction electron—Pr moment interaction
and a comparatively lower density of states. We studied the crystalline electric field (CEF) excitations and
excitons in this compound by inelastic neutron scattering. The CEF level scheme obtained from these data
comprises a singlet ground state, a doublet at 1 meV, and further higher levels at 5.2, 24.3 (doublet), 25.1, 29.4,
and 31.5 meV. Large dispersion was found for the 1 meV excitation and explained theoretically taking into
account magnetic exchange interactions. The calculated crystal-field parameters explain satisfactorily the neu-
tron spectra as well as the heat-capacity and magnetic-susceptibility data. This leads to the conclusion that
PrNi,B,C can be described by the standard model of rare-earth magnetism. Thus the heavy-fermion concept,
suggested by some groups earlier in literature, is not the cause of the suppression of superconductivity.
Excitation spectra of the diluted series Pr;_, Y Ni,B,C were also investigated. No drastic changes in the CEF
level scheme have been observed in these compounds. Hence the CEF level scheme of the full compound, i.e.,
PrNi,B,C, is reasonably valid for these samples too. The superconducting-transition temperature 7.
~15.5 K for YNi,B,C decreases linearly with decreasing Y concentration x. Samples with x=0.65 do not

exhibit superconductivity down to 2 K.

DOI: 10.1103/PhysRevB.78.144422

I. INTRODUCTION

RNi,B,C (R=Y, rare earth) compounds have been attract-
ing attention right from the early days of their discovery.'?
They exhibit several unusual phenomena associated with the
interplay of superconductivity and magnetism.>? The
magnetic-ordering and superconducting-transition tempera-
tures observed for several compounds in this series are of the
same order of magnitude.’ The interplay of magnetic order
and superconductivity has been studied extensively in
DyNi,B,C (T-=6.0 K, Ty=10.6 K), HoNi,B,C (T,
=8.0 K, Ty=8.5 K), ENi,B,C (To=11 K, Ty=6.8 K),
and TmNi,B,C (To=11 K, Ty=1.5 K) and their solid
solutions.>® On the other hand, GdNi,B,C (Ty=19 K) and
TbNi,B,C (Ty=15 K) as well as the compounds containing
light rare earths such as PrNi,B,C (Ty=4.0 K) and
NdNi,B,C (Ty=4.8 K) are not superconducting but show
magnetic order only.® LuNi,B,C (7¢=16.5 K) and
YNi,B,C (T-=15.5 K) superconduct without exhibiting a
magnetic order (no local or itinerant moment) down to low
temperatures in the millikelvin range. Magnetic moments re-
side on rare-earth ions only and are strongly anisotropic due
to the crystalline electric field (CEF) interaction.® Magnetic-
ordering temperatures of the compounds given above follow
the de Gennes scaling.* In some members of the series, mag-
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netic properties are strongly influenced by 4f conduction-
electron hybridization: CeNi,B,C is a strongly mixed va-
lence compound®>° and one report'® claimed observation of
a superconducting transition at ~100 mK [see Ref. 3 for
discussion]. In YbNi,B,C, the 4f conduction-band hybrid-
ization is strong enough to suppress superconductivity, but is
still not sufficient to affect Yb valence significantly. With Yb
in a very closely 3+ state, YbNi,B,C transforms into a heavy
fermion at low temperatures, exhibiting a total loss of the Yb
moment.'"!? The rich spectrum of electronic and magnetic
properties of RNi,B,C opened up a wide variety of investi-
gations of several exotic phenomena.’-

PrNi,B,C undergoes an antiferromagnetic phase transi-
tion at Ty=4 K with a low ordered-moment of 0.8up point-
ing along the [110] direction,® much smaller than the free-ion
value (g, Jup=3.2up) and does not exhibit superconductivity
down to 100 mK."? The relatively large value of Ty for
PrNi,B,C as compared to ~1 K expected from the de
Gennes scaling in the series RNi,B,C (e.g., see Fig. 11 of
Ref. 14) is a consequence of a large single-ion anisotropy
and/or of 4f(Pr) conduction-band hybridization. (See, e.g.,
the discussion on the archetypal high-Ty PrBa,Cu;0,.")
Considering the small de Gennes factor of Pr, the absence of
superconductivity in PrNi,B,C can hardly be attributed to
magnetic pair-breaking effects.'® This led to speculation
about anomalous heavy-fermion behavior of PrNi,B,C by
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Narozhnyi et al.’ because valence fluctuations are known to
suppress superconductivity as, e.g., observed in La,_,Ce,."’
Alternatively, the absence of superconductivity in PrNi,B,C
may be due to unfavorable electronic band structure because
in LaNi,B,C superconductivity is also absent due to a mark-
edly reduced electronic density of states at the Fermi level,
N(Eg), as compared to superconducting YNi,B,C and
LuNi,B,C."%!1% The fact that N(E;) of PrNi,B,C is indeed
rather close to the value for LaNi,B,C has been demon-
strated via a systematic band-structure study on RNi,B,C
compounds.?®

The aim of the present work is to investigate if magnetic
properties of PrNi,B,C can be accounted for by the standard
model of rare-earth magnetism?! with an appropriate CEF
level scheme and if any evidence for anomalous heavy-
fermion behavior and valence fluctuations can be found.
Therefore, we have analyzed dc magnetic susceptibility,?
specific heat, and the inelastic magnetic neutron response of
Pr, both in PrNi,B,C and in magnetically diluted
Pr,_,Y,Ni,B,C compounds, where Pr** ions are more iso-
lated from each other and pair correlations are weakened.

II. EXPERIMENTAL DETAILS

Polycrystalline ~ samples  of  Pr;_,Y,Ni,B,C (x
=0,0.1,0.2,0.5,0.65,0.8,0.9,0.95,1) were synthesized us-
ing the following procedure: appropriate amounts of Pr
pieces, Ni powder, ''B powder [which is necessary for in-
elastic neutron scattering (INS) because natural boron con-
tains 19.4% '°B, which strongly absorbs neutrons], and C
powder were pelletized together and arc-melted under argon
atmosphere. To ensure homogeneity, the resultant ingots
were melted several times, turning them over after each melt-
ing. The total weight loss during the melting process was less
than 1%. Finally, the compounds were melted in an induction
furnace and cast in rods. These rods were wrapped in Ta foil,
sealed in evacuated quartz tubes, and annealed at 1000 °C
for 10 days and at 1100 °C for 1 day, and then quenched in
cold water. Powder x-ray-diffraction (XRD) measurements,
performed at room temperature using a Co Ka source,
showed that the Pr;_,Y ,Ni,B,C compounds are primarily
single phase (space group, [4/mmm). No impurity peaks of
appreciable intensity could be observed in the XRD data.
The lattice parameters, as obtained from the analysis of the
XRD data, are shown in Fig. 1. These values are in good
agreement with those published in literature.>® With increas-
ing concentration x of yttrium, the lattice parameter a de-
creases following the usual lanthanide contraction, while ¢
increases in accordance with the trend in RNi,B,C
compounds.>*

The superconducting properties were studied by ac-
susceptibility measurements in the temperature range of
2-25 K wusing an Oxford Maglab susceptometer (f
=1000 Hz). Heat-capacity measurements were carried out
on samples of about 1.5 g in the temperature range of 1.5—
150 K employing a quasiadiabatic step-heating technique.

Inelastic neutron spectra with incident energies of 25 and
56 meV were taken using the time-of-flight (TOF) spectrom-
eter SV29 at the FZ Jiilich to detect the crystal-field levels at
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FIG. 1. (Color online) Variation in the lattice parameters of
Pry_, Y, Ni,B,C. The lines are guides for the eyes.

higher energies. The powdered polycrystalline samples were
placed inside flat aluminum boxes. The raw data were cor-
rected for background and normalized to monitor. To study
excitations at lower energies, TOF spectra were taken using
the TOF spectrometer IN6 at ILL, Grenoble at temperatures
between 2 and 200 K with an incident energy of 3.15 meV.
With this setup the low-lying excited states (Aw=2 meV)
can be measured with better energy resolution at low tem-
peratures in neutron energy loss, whereas the higher excited
states are accessible by measuring the energy-gain spectra at
higher temperatures. As was done in the experiment at the
SV29 spectrometer, the sample was mounted using a flat
aluminum box. The raw data were corrected for background
and normalized with respect to a vanadium standard.

III. RESULTS AND DISCUSSION
A. ac susceptibility

ac-susceptibility data at low temperatures are shown in
Fig. 2. No superconductivity was observed for samples with
x=0.65, in agreement with results reported earlier.>* Notice
that the transition is sharp for the x=1 sample (containing no
Pr ions), suggesting high quality of the pure sample
YNi,B,C. In the samples that contain Pr ions, such as, for
example, samples with x=0.95, 0.90, and 0.8, the supercon-
ducting diamagnetic response is somewhat broad due to
compositional statistical fluctuations. d7/dx, the rate of
change in T~ with respect to x, in the Pr;_,Y,Ni,B,C series
is =35 K/mol Pr. This value is nearly the same as observed
in doped Gd,_,Y,Ni,B,C,>*?* which suggests a similar in-
fluence on superconductivity of Pr and Gd ions introduced in
dilute concentrations in YNi,B,C, though the origins of de-
pression in T~ are completely different in the two cases. In
the case of PrNi,B,C, it is due to band effects (see Sec. I)
and in the case of GdNi,B,C it is due to pair breaking. The
magnetic ordering in PrNi,B,C shows no signature in our
ac-susceptibility measurements, in agreement with earlier re-
ports that dc susceptibility in low external magnetic field
(100 Oe) indicates only a deviation from Curie-Weiss behav-
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FIG. 2. (Color online) ac-susceptibility measurements on
Pr;_,Y,Ni,B,C. Samples with x=0.65 do not show superconduc-
tivity down to 2 K. The inset shows T as a function of the con-
centration Xx.

ior below Ty=4 K.»> As a signature of magnetic order, a
broad maximum around 7 becomes better defined at a
higher magnetic field (500 Oe). Our heat-capacity measure-
ments, however, do show the magnetic transition clearly (see
Fig. 9).

B. Inelastic neutron scattering

First we will present the inelastic-neutron-scattering spec-
tra for the full compound PrNi,B,C taken with different
incident-neutron energies at temperatures between 2 and 150
K.? In Fig. 3, we show the spectra from counters with mo-
mentum transfers of less than 2 A~! where inelastic mag-
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FIG. 3. (Color online) Inelastic-neutron-scattering spectra of
PrNi,B,C measured at SV29 with E;=56 eV for different tempera-
tures. Each spectrum has been shifted vertically for clarity. (Q)
represents averaging for Q=(2.70+0.49) A~'. The thick lines in-
dicate the results of CEF calculations for 2, 10, and 50 K with an
added elastic line (linewidth from vanadium measurement) and a
straight-line background on the positive-energy-transfer side.
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FIG. 4. (Color online) Inelastic-neutron-scattering spectra of
PrNi,B,C measured at SV29 with E;=25 meV for different tem-
peratures. Each spectrum has been shifted vertically for clarity. (Q)
represents averaging for Q=(1.73+0.31) A~'. The thick lines in-
dicate the results of CEF calculations for 2, 10, and 50 K with an
added elastic line (linewidth from vanadium measurement) and a
small exponentially increasing background on the positive-energy-
transfer side to model the intensity observed at 7=2 K.

netic scattering is the dominant contribution to the scattering
intensity. At the lowest temperature (2 K) the compound is in
the magnetically ordered state. Therefore, the single-ion CEF
transitions from the ground state to the excited states are
modified due to the presence of two-ion exchange interac-
tion. However, this modification is hardly visible for the
high-energy transitions with energy transfers larger than 10
meV. It is masked by the considerably lower resolution of the
SV29 data with incident energies of 56 meV. In this energy
range (>10 meV) there is only one strong CEF transition at
~24.5 meV energy transfer that is visible. Because this tran-
sition is already observed at 2 K, it must connect the ground
state with excited states lying around ~24.5 meV. For in-
creasing temperatures its intensity is only slightly reduced,
much less than expected from the inverse of the partition
function. (See also Fig. 10: we expect a reduction to 70% at
10 K and to 40% at 50 K.) This indicates that for increasing
temperatures there are additional transitions from a low-lying
excited state (one doublet at 1 meV has indeed been deter-
mined as described later in the present study) to levels of
~25.1 meV.

Magnetic excitations in the energy range of 3—15 meV are
observed in the SV29 spectra taken with incident-neutron
energy of 25 meV (Fig. 4). The dominant magnetic excita-
tion at 4.5 meV is only seen at elevated temperatures; i.e., it
must originate from an excited CEF level. Its temperature
dependence suggests that this transition connects the CEF
state at 1 meV with another excited state at (4.5+1) meV
=5.5 meV. We also mention a rather weak excitation in the
energy range around 8 meV which is already present at 2 K
(hence it must originate from the ground state), but its tem-
perature and Q dependence is unusual for CEF transitions.
We, therefore, hesitate to assign a CEF level at 8 meV.

Up to now we have discussed the SV29 spectra consider-
ing only the neutron-energy-loss side (positive energy trans-
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FIG. 5. (Color online) Inelastic-neutron-scattering spectra of
PrNi,B,C measured at IN6 with E;=3.15 meV for different tem-
peratures. The neutron-energy-gain spectra have been modified ac-
cording to the detailed-balance condition. Each spectrum has been
shifted vertically for clarity. (Q) represents averaging for Q
=(1.5%+0.1) A~L. The thick lines indicate the results of CEF calcu-
lations for 10, 50, and 150 K. The inset shows the presence of the
magnetic (001) Bragg peak indicating the antiferromagnetic order-
ing at 2 K (Ty~4 K).

fers). However, as can be seen in Fig. 4 in the spectrum at 50
K, there is also intensity at negative values of the energy
transfer. In this part of the spectrum the neutron gains energy
from the sample through the transition from a state at higher
energy to a state at a lower energy. (Compare the 4.5 meV
lines at both sides of the elastic line.) Intensities on both
sides of the spectrum are related through the so-called
detailed-balance condition, ie., I(gain side)
=I(loss side)exp[—#|w|/kzT]. This fact has been used to
present our IN6 data (Fig. 5) for both sides (neutron energy
loss and gain). Multiplying the intensity on the gain side by
exp[+7i|w|/kgT], one obtains symmetric spectra and can
compare the IN6 data on the energy-gain side directly with
those of SV29 on the energy-loss side. Because of the much
better energy resolution of IN6 [full width at half maximum
(FWHM) at the elastic position is 0.1 meV for an incident
energy of 3.15 meV], we can now also resolve the low-
energy part (<2 meV) of the excitation spectrum in addition
to the medium-energy range of up to 10 meV (the visibility
of the latter, however, depending on temperature). A very
strong CEF transition with energy of 1 meV is well resolved
from the elastic line (which was not the case for the SV29
spectra). Plotting the intensity in the elastic window
(£0.1 meV) as a function of the modulus of the momentum
transfer Q (see inset of Fig. 5), one can also observe the
(001) magnetic Bragg peak at 2 K indicating that the sample
is in the magnetically ordered state and disordered for tem-
peratures =10 K. The solid lines in the spectra in Figs. 3-5
correspond to a single-ion CEF model with parameters as
given and discussed in Sec. III D.

In addition to the deduction of spectroscopic information
from the low-temperature low-energy IN6 data, it is also
possible to gain information on the dependence of the exci-
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FIG. 6. (Color online) Inelastic-neutron-scattering spectra of
PrNi,B,C measured at IN6 at 2 K (top left) and 10 K (top right): a
color-coded map of the neutron intensity vs energy and momentum
transfer. For comparison, the figures at bottom left and bottom right
show the results of the model calculation (for details see text).

tations on the modulus of the momentum transfer. (However,
using a polycrystalline sample only the average over all three
spatial directions is accessible.) This Q-dependent informa-
tion is especially important for the magnetically ordered state
at 2 K. In addition to the single-ion CEF level scheme
(which is by definition Q independent), we have to consider
the two-ion exchange interactions, as stated in the beginning
of this section. As we will see, the CEF ground state of the
Pr’* ion is a singlet and has no magnetic moment. Hence
PrNi,B,C should not order magnetically unless there is a
strong CEF transition to a low-lying excited state that is able
to induce a magnetic moment into the singlet ground state. In
such a case a considerable dispersion will be observed—in
other words, the CEF transition becomes an exciton.

Figure 6 (top left) shows the Q-resolved magnetic excita-
tions at 2 K in the energy range from 0 to 2 meV. At the
elastic positions three magnetic Bragg peaks [(001) at
0.65 A~',(100) at 1.70 A~', and (003) at 1.88 A~'] and two
nuclear Bragg peaks [(002) at 1.3 A™!' and (101) at
1.81 A~'] fall into the accessible Q range. The observed
band of excitations covers a range in energies between 0.4
meV (indicating a possible gap of this size) and 1.6 meV
(upper boundary). Even in the paramagnetic state (Fig. 6, top
right) we observe a band of excitations, though narrower and
with less dispersion. A model calculation (see Sec. III D)
assuming only nearest-neighbor exchange (that describes the
magnetic structure correctly) is able to reproduce the main
features of the observed excitations at 2 and 10 K as shown
in Fig. 6 (bottom left and bottom right, respectively).

We now briefly discuss the influence of diluting the Pr**
ions with nonmagnetic Y>* ions. The inelastic-neutron-
scattering energy spectra of Prg9Y(1Ni,B,C,
Pry,Y(sNi,B,C, and Prj(sY9sNi,B,C were measured to-
gether with that of YNi,B,C as a reference which shows no
appreciable intensities in the whole inelastic spectra. Figure
7 shows the spectra for Prj oY Ni,B,C measured at differ-
ent temperatures. As in the case of PrNi,B,C (Fig. 5), the
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FIG. 7. (Color online) Inelastic-neutron-scattering spectra of
Pry9Y(1Ni,B,C measured at IN6 with E;=3.15 meV for different
temperatures. The neutron-energy-gain spectra have been modified
according to the detailed-balance condition. Each spectrum has
been shifted vertically for clarity. (Q) represents averaging for Q
=(1.5+0.1) A~'. The inset shows the presence of the magnetic
(001) Bragg peak indicating antiferromagnetic ordering at 2 K.

spectra for Pry oY, ;Ni,B,C have also been scaled using the
detailed balance factor (¢"“/k,T) in the neutron-energy-gain
part. The features around 1 and 4.5 meV are still there but
are much weaker and broader. The (001) magnetic Bragg
reflection can also be observed (see inset of Fig. 7), but it is
much weaker. The smaller intensity can be explained by a
possible reduction in the magnetic-transition temperature in
the diluted samples;>> the moments are yet to attain satura-
tion at 2 K. With Pr concentration decreasing further, the
details of most of the features become less resolved and ex-
tremely weak; see Fig. 8.

C. Heat capacity

In order to obtain complementary thermodynamic infor-
mation on the CEF scheme, we have analyzed the heat-
capacity data shown in Fig. 9, which displays the magnetic
contribution to heat capacity (ACp vs T representation) in
PrNi,B,C in zero field. The phonon background has been
estimated and subtracted using the heat-capacity data of
LaNi,B,C.? The feature at T~4 K (~T)) in PrNi,B,C cor-
roborates the magnetic phase transition to a long-range mag-
netic order.® The magnetic entropy was calculated from the
magnetic specific-heat contribution, S=J(ACp/T)dT, and is
plotted in Fig. 9. As the lowest temperature for measurement
of the heat-capacity data shown in Fig. 9 is 1.85 K, we added
an estimate, S(1.85 K)=0.35 J/mol K. The entropy attains
the value of R In 3 at ~25 K, which indicates that the over-
all ground state is a quasitriplet, e.g., a singlet and a closely
lying doublet.

As further analysis of heat-capacity data, we have calcu-
lated the single ion partition function z [=X exp(=E;/kgT)]
as a function of temperature applying the following formula:
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FIG. 8. (Color online) Inelastic-neutron-scattering spectra of
Pr;_,Y Ni,B,C for x=0, 0.1, 0.8, 0.95, and 1 measured at IN6 with
E;=3.15 meV at 150 K. The neutron-energy-gain spectra have been
modified according to the detailed-balance condition. Each spec-
trum has been shifted vertically for clarity. (Q) represents averaging
for 0=(1.5+0.1) A~ All spectra were scaled to Pr concentration,
except that of YNi,B,C, where the scaling factor is the same
(100/5=20) as that of Pr5Y9s5Ni,B,C.

F:deT:—RTlnz, (1)

where F is Helmbholtz free energy, and R is the molar gas
constant. The results of this calculation are shown in Fig. 10.
Within the CEF model, the single ion partition function is
expressed as a sum over the different crystal field states j,

7 | —v—PrNi,B,C-LaNi B.C i 16
6 - Magnetic entropy - 14
—~ e CEF calculati
»’% 5 1 Modicf?efluCaEllSrcl:alc 12
& - 10 <
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FIG. 9. (Color online) The magnetic contribution (4f) to heat
capacity (AC,, vs T) in PrNi,B,C deduced by subtracting the heat-
capacity data of LaNi,B,C (Ref. 25). Corresponding magnetic-
entropy gain for PrNi,B,C has been plotted in the same figure
(right-hand-side axis). The dotted line represents the calculated
magnetic heat capacity as derived from the CEF level scheme in the
paramagnetic range. The thin solid line indicates the results of a
model with a modified crystal-field level scheme in order to take
into account qualitatively the effect of exchange interaction (see
text).
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FIG. 10. (Color online) Temperature dependence of the (scaled)
intensity of the inelastic peak at 1 meV in PrNi,B,C and
Pr oY Ni,B,C measured at IN6 (see Figs. 5 and 7) and compared
to the inverse of the partition function as deduced from heat-
capacity data of PrNi,B,C (solid line) and as calculated from the
proposed CEF scheme (dotted line).

i.e., z=2exp(=E;/kgT) (here kg denotes Boltzmann’s con-
stant). It is known that the temperature dependence of the
intensity of CEF transitions that start from the ground state
varies as 1/z. We have calculated, at several temperatures,
the integrated intensity of the inelastic neutron peak at
~1 meV for both PrNi,B,C and Pry,Y,;Ni,B,C. The re-
sults of these calculations are shown in Fig. 10. It is clearly
seen that the intensities so calculated follow the variation in
the inverse of the partition function with temperature. We
have also calculated the partition function using CEF levels
determined from the neutron data presented here, which also
suggests the ground state as a singlet followed at 1 meV by a
doublet or two very closely (~0.1 meV) lying singlets.

D. CEF calculations

The ground state of Pr** ions (/=4) has ninefold degen-
eracy. In the tetragonal point group Dy, the multiplets split
into five singlets (I‘;ll), Fff), I'yp, ', and T'y) and two dou-
blets ('Y and T'?),2 where the I ; are irreducible represen-
tations of the point group. It may be pertinent to note here
that based on the extrapolation techniques (using a scaling
factor)”® from measurements on the rare-earth analog
TmNi,B,C (Tm**:4f!2), there are a couple of reports in lit-
erature on Pr CEF level schemes in PrNi,B,C.2**° However,
the CEF line observed in our experimental data of PrNi,B,C
at ~1 meV does not appear in these extrapolated or calcu-
lated energy-level schemes of PrNi,B,C.>>3* We may note
here that often such calculations are in disagreement with the
experimental results. For example, recently, Gasser et al.>
demonstrated through polarized Raman-scattering studies in
ErNi,B,C that CEF levels extrapolated from low-energy
inelastic-neutron-scattering data can be quite in disagreement
with reality since analysis of the inelastic-neutron-scattering
data for this system is quite difficult due to its crystal struc-
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ture (a square-planar environment around the rare-earth
ions). Although Divis et al.3' also demonstrated that the cal-
culated or extrapolated CEF level scheme for RNi,B,C can
be in serious disagreement with the measured CEF values,
their calculations also did not generate the CEF line at
~1 meV.

We have modeled the single-ion properties of PrNi,B,C
using CEF parameters that were derived using the MCPHASE
package’? by simultaneous fitting of dc-susceptibility data on
single-crystalline compound,® as well as our inelastic-
neutron-scattering and heat-capacity data on polycrystalline
samples. The model Hamiltonian used is

H=2, BlOMJ) - gyup) - H, )

ilm

where the 4f moment of the ith Pr** ion is represented by the
negative of the angular momentum operator’! J; and J

=2,J; is the negative of the total angular momentum opera-
tor. g; is the Landé g factor and up is the Bohr magneton.
The first term in this expression is the CEF contribution and
the second term is the Zeeman energy. The fit was restricted
to the paramagnetic region only. In our initial attempt, we
varied the parameter Bg only in a narrow interval to have a
correct description of magnetic susceptibility at high tem-
perature. The magnetic-susceptibility behavior of single-
crystalline tetragonal PrNi,B,C is found to be very aniso-
tropic in nature.® Therefore in the fitting procedure the
statistical weights for different directions were chosen differ-
ently.

In a polycrystalline sample, neutron-diffraction cross sec-
tion for a CEF transition i—i’ (in units of b/sr meV) at a
temperature 7T is expressed in dipole approximation as>*

d*o(i —i")
dQdE’
k/
=;S(Q,w)
k' ([ fiye* 1 2 — Ej/kgT
:N—<Lez> 2| Zg,F(Q) _exp(= EykgT)
k 2 2 exp(= E;/kgT)
j
2 . N2
X 2 SPAE - Ey - ho). (3)
a=x,y,z

Here k' /k is the ratio of the momenta of the scattered and
the incident neutrons, 4m(%iye?/mc*)? is the total magnetic
cross section (=3.65 b), y=g,/2h (g,=1.913 042) is the gy-
romagnetic ratio of the neutron, and e*/mc?>=2.82 fm is the
classical electron radius. Furthermore, z [=X &Xp(=E;/ kgT)]
is the single ion partition function, X, [(i[J%]i ’)|£ is the
sum of squares of the transition matrix elements of the an-
gular momentum operator, and F(Q) is the magnetic form
factor of the Pr’* ion. In order to compare the cross section
given in Eq. (3) to the experimental data, it was convoluted
for each transition i—k by a Gaussian with an energy-
dependent linewidth. As the spectra show a larger linewidth
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FIG. 11. (Color online) CEF splitting and charge density at T
=10 K for Pr** in PrNi,B,C as calculated from our CEF model
(see text). For comparison the magnetic and crystal structure are
shown.

than the experimental resolution of IN6, the linewidth was a
parameter, which was fitted to the spectra.

Consideration of a singlet ground state and only a singlet
at ~1 meV fails to explain all the experimental results si-
multaneously. In particular the calculated entropy would be
much lower than the experimental one. The calculation
yields the best fit for all three different experiments when the
ground state is considered as singlet followed by a doublet at
1.0 meV, a singlet at 5.2 meV, another doublet at 24.3 meV,
and singlets at 25.1, 29.4, and 31.5 meV, as shown in Fig.
11(a). The resultant crystal-field parameters obtained are Bg
=0.30 meV, B}=3.0X10"* meV, Bj=-7.4X1072 meV,
Bl=15X%10"* meV, and Bg=—4.9X 107* meV.

Our calculation suggests that the transition probability
from the ground state to the level at 5.2 meV is zero. Neu-
trons can induce a transition to this excited state only from

PHYSICAL REVIEW B 78, 144422 (2008)
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FIG. 12. (Color online) Inverse magnetic susceptibility of
PrNi,B,C along and perpendicular to the (110) plane (from Ref.
30). The solid lines represent susceptibility calculated from our pro-
posed CEF model (see text).

the doublet at 1.0 meV. The level scheme also explains the
behavior of the magnetic entropy up to 50 K. At higher tem-
peratures the experimental determination of the entropy is
difficult and subtraction of the LaNi,B,C probably overesti-
mates the phonon contribution to the entropy. Considering
the experimental errors the agreement of the fit to the heat-
capacity (Fig. 9), neutron-intensity (Figs. 3-6), and
magnetic-susceptibility (Fig. 12) data underlines that the
crystal-field model shown in Fig. 11 is able to explain these
physical properties.

In our analysis of the crystal-field results, we calculated
the corresponding 4f charge density [see Fig. 11(c)]. There is
a large variation in the tetragonal plane indicating an impor-
tant influence of positive charges at the carbon neighbors in
the tetragonal plane. On the other hand, the charge density is
only slightly prolate in the ¢ direction of the crystal. Such a
distribution of charge density is associated with a planar an-
isotropy ([110] is the easy magnetic axis; see, e.g., Fig. 12).
From the crystal-field anisotropy we expect that below Ty in
the antiferromagnetic state the moments lie on the ab plane
along the [110] direction, in agreement with the magnetic
structure reported in literature.®

In order to interpret the Q dependence of the spectra, in
particular in the magnetically ordered state at 2 K, the effect
of exchange interactions has to be considered. This requires
an extension of the simple crystal-field Hamiltonian [Eq. (2)]
as

- | - -
H=2BOJ) = gpupl - H =2 Tyly J;, - (4)

ilm ij

where J;; is the exchange coupling between the angular mo-
mentum of the ith and jth Pr** ions. In a first simple model
approach we introduced only one nearest-neighbor exchange
interaction by setting J(%%%)z—lS ueV. Using our crystal-
field parameters in combination with a mean-field theory,
this gives a magnetic-ordering temperature of 7y=7 K. This

is a good estimate considering that in a mean-field model
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critical fluctuations which suppress the order are neglected.
In order to calculate the magnetic susceptibility below this
temperature, assumptions about the distribution of the anti-
ferromagnetic domains in the crystal have to be made. We
assumed an ideal soft antiferromagnetic material. That is, by
the application of a magnetic field along [110], only one
domain showing the larger susceptibility was considered.
This is the reason why the calculated susceptibility in the
[110] direction does not show a maximum at 7T but contin-
ues to rise until saturation at temperatures well below Ty (see
Fig. 12). On the other hand, for the susceptibility along [001 ]
the calculation predicts a maximum, which is not found in
the experimental data. However, considering the tiny signal
in the hard direction, any misoriented small crystallite in the
sample might contribute a large signal at low temperatures,
which explains this discrepancy.

To calculate the effect of exchange interactions on the
dispersion of the magnetic excitations, the random-phase ap-
proximation was adopted in a similar way as for NdCu,.>> In
order to facilitate the computation of a polycrystalline aver-
age of the inelastic neutron cross section involving the cal-
culation of spectra at many q vectors, a fast algorithm was
used.?® The result of such a powder average is shown in Fig.
6 (bottom left and bottom right) and can be compared with
the experimental data taken at IN6 (Fig. 6, top left and top
right). Tt can be seen that not only below Ty but also at
higher temperatures the magnetic exchange interactions lead
to some dispersion in the magnetic excitations.

In principle the interpretation of the specific-heat experi-
ments should take into account this dispersive excitation
spectrum. However, as there is no common consensus on
how to implement this idea, we took into account the effect
of dispersion by introducing an artificial splitting of the CEF
doublet at 1.0 meV. The solid line in Fig. 9 shows the result
of such a calculation [the CEF level scheme was set to 0, 0.8,
1.6, 5.2, 24.3 (doublet), 25.1, 29.4, and 31.5 meV], which
clearly improves the theoretical description of the experi-
mental specific-heat data.

IV. CONCLUSIONS

In conclusion, we report here detailed measurements
on crystalline electric field levels in PrNi,B,C and
Pr;_,Y Ni,B,C. The CEF level scheme in PrNi,B,C below
150 K consists of a singlet ground state, a closely spaced
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doublet at 1.0 meV, and a singlet at 5.2 meV. Also, our CEF
calculations suggest a doublet at 24.3 meV and a singlet at
25.1 meV, the existence of which is indeed observed experi-
mentally in time-of-flight neutron spectra. The correct CEF
level scheme cannot be achieved by the extrapolation
method using the spectra obtained in heavier rare-earth ana-
logs. Our study demonstrates that in order to achieve reliable
results, it is necessary to determine CEF model parameters
by simultaneous fitting of many physical properties, i.e., heat
capacity, magnetic susceptibility, and inelastic-neutron-
scattering spectra. We find good agreement of the theoretical
predictions of the CEF model with the experimental data in
P I'NiszC.

The excitations at 1.0 and 5.2 meV have also been ob-
served in Pr;_, Y ,Ni,B,C samples, but are much weaker and
broadened. In view of the observed phase transition at high
temperatures in DyB,C, where quadrupolar ordering has
been observed, the possibility of quadrupolar-induced mag-
netic transition in PrNi,B,C must be considered and experi-
mentally looked into. Recently, a similar phenomenon has
been reported in TmNi,B,C.3’ The essential point of the
present work is the determination of the CEF, which is of
fundamental importance for the further investigation of the
two-ion interactions (in particular their anisotropy), the cou-
pling of magnetism to the lattice and to the conduction elec-
trons in the system, which is important for the interplay of
magnetism and superconductivity. For this purpose, neutron
spectroscopic measurements on single crystals are required.
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