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Magnetic-field-induced quantum critical point in YbPtIn and YbPtj¢gIn single crystals
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Detailed anisotropic (Hllab and Hl c) resistivity and specific heat measurements were performed on on-line-
grown YbPtIn and solution-grown YbPt,ogln single crystals for temperatures down to 0.4 K and fields up to
140 kG; Hllab Hall resistivity was also measured on the YbPt, ogln system for the same temperature and field
ranges. All these measurements indicate that the small change in stoichiometry between the two compounds
drastically affects their ordering temperatures (7= 3.4 K in YbPtIn and ~2.2 K in YbPt; ogIn). Furthermore,
a field-induced quantum critical point is apparent in each of these heavy fermion systems, with the correspond-
ing critical field values of YbPtqogln (H*” around 35-45 kG and H~ 120 kG) also reduced compared to the
analogous values for YbPtIn (H‘;bz 60 kG and H{> 140 kG).
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I. INTRODUCTION

In recent years, stoichiometric Yb-based heavy fermion
compounds have raised a lot of interest, particularly due to
the limited number of such systems known to date. YbPtln is
one of the few examples of such heavy fermion systems,'-
as indicated by measurements performed on single-crystal
samples extracted from on-line melts of the polycrystalline
material. Based on the existing data,’> YbPtIn has a rela-
tively low magnetic ordering temperature (7,4~ 3 K) and an
enhanced electronic  specific heat coefficient (y
>400 mJ/mol K?), whereas the magnetic entropy at T,
amounts to only about ~60% of the R In?2 value expected
for a doublet ground state. In light of these observations, this
system appears to be qualitatively similar to the other re-
cently studied Yb-based heavy fermion antiferromagnets,
YbRh,Si,,*® and YbAgGe,’!® the latter compound being
isostructural to YbPtIn. In YbRh,Si,, magnetic order occur-
ring at very low temperatures (below 70 mK)* was associ-
ated with a low entropy release (around 0.01 R In 2).> For the
YbAgGe'""!? compound, the temperature associated with the
magnetically ordered state, whereas still fairly low
(~1.0 K), is enhanced compared to that of YbRh,Si,; also,
the magnetic entropy at the ordering temperature is larger
than in YbRh,Si,, but still less than 10% of R In 2. Thus,
these two compounds can be regarded as systems with small
moment ordering. Having an even higher ordering tempera-
ture and magnetic entropy at 7,4, YbPtln seemed a good
candidate to further study a progression from small moment
to reduced moment ordering, in stoichiometric Yb-based
heavy fermion compounds, with field-induced quantum criti-
cal point.

In contrast to a classical phase transition at finite tempera-
tures, driven by temperature as a control parameter with ther-
mal fluctuations, a quantum phase transition is driven by a
control parameter C other than temperature (e.g, C
=pressure, doping or magnetic field) at 7=0, with quantum
mechanical fluctuations. Such a control parameter tunes the
system from a magnetically ordered state towards a state
without magnetic order, at zero temperature, crossing a quan-
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tum critical point. Because of the hybridization of the 4f
electrons and the conduction electrons in heavy fermion
(HF) systems, which can be modified by any one of the
aforementioned C control parameters, the (HF) compounds
are very suitable to study quantum critical behavior. More-
over, close to the critical value C_g, which drives the order-
ing temperature close to zero, pronounced deviations from
the Fermi liquidlike FL behavior can occur. This has been
observed in a large number of HF systems where C
=doping or pressure, and only a few doped systems have
been field-tuned through a QCP.'* To date, YbRh,Si, (Refs.
4-6 and 8) and YbAgGe (Refs. 10, 12, and 13) are the only
stoichiometric Yb-based HF compounds in which a field-
induced quantum critical point QCP has been observed. The
heavy fermion character of the YbPtln system has already
been reported;-? in this paper we will discuss the existence
of a field-induced QCP in YbPtIn, which renders it very
similar to the other two stoichiometric, Yb-based heavy fer-
mions.

Recently we presented anisotropic low-field susceptibility
measurements, as well as specific heat data in zero applied
field, on solution-grown single crystals of the RPtIn series,
including YbPtIn."> No features indicative of magnetic order
could be identified in our magnetization measurements on
single crystals of the R=Yb compound, down to 7~2 K.
However, a well-defined peak at T=2.1 K in the zero-field
specific heat data suggests that this compound orders mag-
netically below 2.1 K, just above the low-temperature limit
of our magnetization measurements. As we will present in
this paper, detailed transport and thermodynamic measure-
ments down to 0.4 K not only confirm the magnetic ordering
in this compound below 2.1 K, but also suggest that another
phase transition might exist in this system around 1 K.

However, our measurements were, in part, inconsistent
with previous reports on YbPtIn single crystals: whereas
Kaczorowski et al.”> have also presented magnetization data
showing no features associated with magnetic ordering
above 1.7 K, in their specific heat measurements three
anomalies can be observed (at 3.1, 2.3, and 1.2 K), all at
slightly different temperatures than in our data. Furthermore,
the low-field susceptibility data presented by Trovarelli et
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al.' are consistent with an ordering temperature around
3.4 K, also confirmed by their resistivity and specific heat
measurements.

In order to address these apparent discrepancies between
our data on solution-grown single crystals and the two pre-
vious reports on on-line-grown single crystals,'> we repro-
duced the growth as described by Trovarelli et al.! The an-
isotropic specific heat and transport measurements on our
single crystals extracted from the melt confirmed the exis-
tence of magnetic phase transitions at 3.4 and 1.4 K, as ob-
served previously.

In this paper we will try to examine the differences be-
tween solution and on-line-grown single crystals, given that
a small Pt-deficiency occurred in the former types of crystals,
leading to a stoichiometry closest to YbPt,¢gIn, and no dis-
order could be detected in the on-line-grown crystals. Also,
given that heavy fermion compounds with small moment
ordering are likely to be driven to a quantum critical point
(QCP) by disorder or applied field, we will study the evolu-
tion of both YbPt;ggIn and YbPtln toward a field-induced
QCP. Detailed anisotropic measurements of specific heat and
resistivity on the two types of crystals, for fields up to
140 kG and temperatures down to 0.4 K, will be used for the
comparison between the two types of crystals. Additional
Hall effect measurements were performed on the solution-
grown single crystals for the same temperature and field
ranges, allowing us to further explore the effects of the QCP
in this compound.

After briefly describing the methods used for synthesizing
the two types of YbPtIn single crystals, and the measurement
techniques used for the sample characterization, we will
present the results of single crystal x-ray diffraction. Next we
will compare the low field data for the two types of com-
pounds, pointing out the similarities, as well as the signifi-
cant differences in their physical properties. Next we will
present the higher field data for both types of crystals, for
Hllab and Hllc. This will allow us to follow, in both systems,
the progression from reduced magnetic moment order to the
quantum critical point QCP, as driven by the application of
increasing magnetic field. Also, we will extend the zero-field
comparison between the two YbPtIn systems to their field-
dependent properties and will try to identify common fea-
tures as well as possible effects of the site deficiency.

II. EXPERIMENTAL METHODS

YbPtIn is one of the RPtIn compounds, reported to crys-

tallize in ZrNiAl hexagonal structure,!'> space group P62m.

Single crystals of this compound were obtained by two meth-
ods: from high-temperature ternary solution, as described in
Ref. 15, and from stoichiometric on-line melt.! The initial
concentration used for the solution growth was
Yb, 4Pty 1Ing 5, and the ternary solution, sealed in a three-cap
Ta crucible!® under partial argon pressure, was slow-cooled
from 1200 to 1000 °C over ~100 h. Subsequently, the ex-
cess liquid solution was decanted, and the resulting hexago-
nal rods were briefly etched in HCI to remove residual flux
from the surface. For the on-line melt, 1:1:1 atomic ratios of
Yb, Pt and In were sealed in a Ta crucible under partial argon
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atmosphere. After briefly heating the sealed crucible up to
~1650 °C in an induction furnace, the crucible was sealed
in a quartz ampoulle and annealed at 700 °C for 120 h.
Small rods were subsequently extracted from the resulting
crystalline conglomerate.

Anisotropic magnetization measurements as a function of
temperature and applied field M(H,T) were performed in a
Quantum Design MPMS SQUID (superconducting quantum
interference device) magnetometer (7=1.8—-350 K, H,.«
=55 kG). Temperature- and field-dependent specific heat
Cp(H,T), resistivity p(H,T) and Hall resistivity py(H,T)
measurements were taken in a Quantum Design PPMS-14
instrument with He-3 option, for temperatures down to
0.4 K, and applied magnetic fields between 0 and 140 kG.
For the anisotropic (i.e., Hllab or Hllc) specific-heat mea-
surements a relaxation technique with fitting of the whole
calorimeter (sample with sample platform and puck) was
used. The sample platform and grease background, measured
separately for all necessary (H,T) values, was subtracted
from the sample response. Also, the nonmagnetic contribu-
tion to the total specific heat was estimated based on mea-
surements on flux-grown LuPtln, used as the nonmagnetic
analogue of YbPtIn. The single crystals of LuPtln were
grown using similar initial composition (R osPto sIng.go) and
temperature profile (slow cooling from 1190 to 800 °C over
~100 h) that yielded fully-occupied RPtIn single crystals for
the lighter members of the series.!> We therefore anticipate
that the LuPtIn crystals are also fully-occupied, and we used
this system as the nonmagnetic analogue for our both Yb
compounds. It should be noted that we made the assumption
that the nonmagnetic background is insensitive to the 2% Pt
deficiency in the solution-grown compound. The specific
heat for LuPtIn was measured in the same temperature range
as for YbPtIn and YbPt ogln, for 0 and 140 kG applied field,
and was found to be virtually field-independent over the
measured temperature range.

A standard AC four-probe resistance technique (f
=16 Hz, I=1-0.3 mA) was used for the field- and
temperature-dependent resistivity measurements. Given the
rodlike geometry of the samples, the current was always
flowing along the crystallographic ¢ axis, whereas the field
was either parallel (for longitudinal magnetoresistance) or
perpendicular (for transverse magnetoresistance) to the direc-
tion of current flow. The Hall resistivity measurements were
performed on a sample that was polished down to a platelike
shape. This sample geometry restricted the Hall resistivity
measurements to the field applied within the hexagonal crys-
tallographic plane (Hllab). The Hall resistivity py(H,T) was
measured for field perpendicular to both the current and the
Hall voltage directions. In order to minimize the inherent
(small) misalignment of the voltage contacts, these measure-
ments were taken for two opposite directions of the applied
field, H and -H, and the odd component, [py(H)
—pu(=H)]/2 was taken as the Hall resistivity.

For each of the two systems (YbPtIn and YbPt;¢gln), we
will compare the similar data for the the two orientations of
the applied field (i.e., for Hllab and Hllc), as well as the
resulting 7—H phase diagrams. The criteria used for deter-
mining the points on all presented phase diagrams will be
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TABLE I. Atomic coordinates and equivalent isotropic displace-
ment parameters (in squared angstroms) for the flux-grown YbPtIn
system. U(eq) is defined as one third of the trace of the orthogonal
Ui tensor. Space group P62m, a=7.5568(8) A, ¢=3.7658(3) A,
R=0.0273, R,=0.0598.

Occupancy X y z Uleq)
Yb 1.00 0.5940(1) 0 0 0.0088(3)
Pt(1) 0.94(1) 0 0 0 0.0099(5)
Pt(2) 1.00 1/3 2/3 1/2 0.0075(3)
In 1.00 0.2604(2) 0 1/2 0.0093(4)

discussed in more detail in the appropriate sections, but, in
general, they were maxima in the Cp(H,T) data, and deriva-
tive maxima or onset values for the transport data. For Hllab,
the maximum temperature for which the p(72) could be fit to
a straight line was the criterium used in determining the up-
per limit of this Fermi liquidlike region. Additional Hall re-
sistivity measurements were performed for the field applied
within the basal plane, for the YbPtygln (flux-grown) com-
pound. Various criteria were used for determining critical
points similar to the Hall line for the YbRh,Si,® and
YbAgGe!? systems.

III. RESULTS
A. Crystal structure

For both solution and on-line-grown crystals, the crystal
structure was confirmed by powder x-ray diffraction, with no
detectable impurity peaks. However, additional single-crystal
x-ray measurements were performed on the two types of
YbPtIn compounds. Crystals with dimensions ~2X7
X 11 wm? and ~2X6X 13 um?® were extracted from the
flux and on-line-grown samples respectively. Room-
temperature x-ray diffraction data were collected on a STOE
IPDSII image plate diffractometer with Mo Kea radiation,
and were recorded by taking 1° scans in 6 in the full recip-
rocal sphere. The range of 26 extended from 6° to 63°. Nu-
merical absorption corrections for both crystals were based
on crystal face indexing, followed by a crystal shape optimi-
zation. Structure solution and refinement were done using the
SHELXTL program. The crystallographic and structural data
are summarized in Tables I and II.

TABLE 1II. Atomic coordinates and equivalent isotropic dis-
placement parameters (in squared angstroms) for the on-line-grown
YbPtIn system. U(eq) is defined as one third of the trace of the
orthogonal U tensor. Space group P62m, a=7.5486(12) A, ¢
=3.7617(7) A, R=0.0217, R,,=0.0453.

Occupancy x y z Uleq)
Yb 1.00 0.4052(1) 0 0 0.0076(2)
Pt(1) 0.986(9) 0 0 0 0.0082(4)
Pt(2) 1.00 1/3 2/3 1/2 0.0071(2)
In 1.00 0.7378(2) 0 1/2 0.0071(2)
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A high-temperature factor was inferred for Pt(1) of the
flux-grown crystal during final stages of the refinement,
which is usually indicative of possible atomic deficiencies,
symmetry reduction or superstructure formation. No super-
structure reflections were observed, and symmetry reduction
did not resolve the issue. However, relaxing Pt(1) site occu-
pancy resulted in a statistically significant deficiency
[0.06(1), Table I] and led to improvements in the Pt(1) tem-
perature factor and overall residual R value. We also tested
for possible deficiencies on the other atomic sites in this
crystal, but refined occupancies for Yb [1.00(6)], Pt(2)
[1.00(6)] and In [1.02(2)] did not suggest presence of atomic
deficiencies. Thus, the composition of the flux-grown crystal
can be written as YbPt, ogIn, noting that the Pt;qg value re-
flects the Pt stoichiometry of the whole unit cell, not just of
the Pt(1) site. In contrast to the flux-grown sample, the Pt(1)
temperature factor of the on-line-grown crystal had a reason-
able value. Relaxing the Pt(1) occupancy yielded only a
slight and statistically insignificant deficiency of 0.014(9)
(Table II). Occupancy refinement for other atomic sites
showed no deviations from unity. Although small deficien-
cies on the Pt(1) site could not be excluded, the YbPtIn for-
mula is a good presentation of the composition of the on-line
crystal in terms of sensitivity of our x-ray diffraction experi-
ments. This difference in the stoichiometry of the solution
and on-line-grown samples is consistent with YbPtIn having
a small width of formation extending towards the Pt-
deficient side; given that the initial melt composition is very
Pt poor (i.e., Yby 4Pty Ings), it is expected to be sensitive to
such a small width of formation.

A closer look at the atoms’ positions given in Tables I and
II suggests that two compounds might be mirror images of
each other, whereas racemic twinning could not be excluded
for either the solution or the on-line grown compounds, no
evidence of the existence of both “left” and “right” structures
in each system could be found.

The lattice parameters and unit cell volume for the
solution-grown, YbPt,ogln crystals were a=(7.55+0.01) A,
¢=(3.76£0.01) A, and Vol=(186.28+0.51) A3. The analo-
gous unit cell dimensions on the on-line-grown crystals were
slightly smaller: a=(7.54+0.01) A, ¢=(3.75+0.01) A, and
Vol=(185.61=0.11) A3.

B. Low magnetic-field comparison

Anisotropic magnetization measurements are presented in
Fig. 1 for both the YbPt, ggln (full symbols) and the YbPtIn
(open symbols) compounds. As can be observed in Fig. 1(a),
the paramagnetic susceptibility indicates moderate aniso-
tropy for both systems (with x,,/x.~ 6 at the lowest tem-
perature), and no clear sign of magnetic ordering down to
T=1.8 K. The anisotropic M(H) isotherms show a continu-
ous increase of the magnetization, with a trend toward satu-
ration above 40 kG [Fig. 1(b)] for H applied within the ab
plane; the axial magnetization remains linear and signifi-
cantly smaller than M, up to our maximum field available
for these measurements (55 kG). Whereas qualitatively there
is an overall similarity between the corresponding data of the
two compounds, the absolute values of both susceptibility
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FIG. 1. (a) Anisotropic susceptibilities for H=2 kG (with the
low-temperature part enlarged in the inset) and (b) field-dependent
magnetization at 7=2 K for YbPtIn (open symbols) and YbPt;ggln
(solid symbols).

and field-dependent magnetization are slightly larger for
YbPt; ogIn than for YbPtIn. We believe the ~10-20% differ-
ence to be too large to have been caused by weighing errors
alone, and thus we conclude that it may reflect the different
Kondo temperatures and exchange coupling due to the
change of stoichiometry in the two compounds.

The zero-field specific heat and resistivity data shown in
Fig. 2 are consistent with magnetic ordering in both com-
pounds, however at different temperatures: two well defined
peaks at 7=3.4 and 1.4 K are visible in the YbPtIn Cp(7)
data [open symbols, Fig. 2(a)], whereas only one peak can be
distinguished, around 2 K, in the YbPt;qgIn data (full sym-
bols). These transition temperatures are marked by the verti-
cal dotted lines for the former compound, and by one dashed
line for the latter. It can be seen that the corresponding re-
sistivity measurements [Fig. 2(b)] show changes in slope
around the respective transition temperatures. Another no-
ticeable difference between YbPtIn and YbPt,ogIn manifests
in the resistivity values [Figs. 2(b) and 3] with the ones for
the former compound being approximately three times
smaller in the latter one. The error bars shown for the lowest
temperature p values give a caliper of the uncertainty in es-
timating the resistivity values for the two compounds, further
confirming the aforementioned difference. The larger re-
sidual resistivity in YbPtjogIn is consistent with the addi-
tional disorder (i.e., site disorder) or presence of additional
vacancies in this type of crystals.

Thus the zero-field measurements indicate a dramatic ef-
fect of the small Pt deficiency on the ordered state in YbPtIn:
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FIG. 2. (a) Low-temperature specific-heat and (b) resistivity
data for H=0, for YbPtIn (open symbols) and YbPtyogln (solid
symbols), with the resistivity error bars shown for the lowest tem-
perature (7=0.4 K); the transition temperatures are indicated by
two dotted lines (for YbPtIn) and one dashed line (for YbPtg ogln).
Note that the error bars in (b) are geometrical, and thus they scale
proportionally at higher temperatures.

the upper transition is shifted down in temperature in the
Pt-deficient compound, whereas a second one is clearly iden-
tifiable only in YbPtIn. In order to explore the differences
between these two samples more thoroughly, a systematic
study of the field-dependence of p(7) and C,(7) was under-
taken.
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% ST R T ]
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0 1 1 1 L L L
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FIG. 3. Temperature-dependent resistivity for YbPtjogIn and
YbPtIn, for H=0 (symbols) and H=140 kG (solid lines).
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FIG. 4. (a) Low-temperature specific-heat curves for YbPtIn, for
Hllab, with the arrows indicating the peak positions associated with
magnetic phase transitions; inset: the H=0 Cp/T(T?) curve, with its
linear fit below 5 K (dotted line) extrapolated down to 7=0 to
provide a rough estimate of the electronic specific heat coefficient
y=500 mJ/mol K> (b) low-temperature part of the C,,/T(T?)
curves for various values of the applied field.

C. High magnetic-field measurements: YbPtIn
1. H||ab

The low-temperature specific heat data for the on-line-
grown compound YbPtIn is shown in Fig. 4(a), for various
values of the applied field. As already seen, two sharp peaks
present in the H=0 data can be associated with magnetic
phase transitions at 7=3.4 and 1.4 K. As the applied field is
increased, these transitions [indicated by small arrows in Fig.
4(a)] move to lower temperatures, and eventually drop below
0.4 K around 20 and 60 kG respectively. Trovarelli et al.!
have reported similar measurements up to 80 kG, which are
consistent with our data; however, their study did not include
a systematic analysis of the H-T phase diagram or the poten-
tial quantum critical behavior in this compound. From the
linear extrapolation of the zero-field Cp/T vs T? data from
T~5 K down to T=0 [dotted line in the inset, Fig. 4(a)], the
electronic specific heat coefficient y can be roughly esti-
mated as y==500 mJ/mol K?. The magnetic component of
the specific heat is defined as C,,= Cp(YbPtIn)— Cp(LuPtIn),
and is shown in Fig. 4(b) as C,,/T vs T?, for the same field
values as before.

When the magnetic specific heat is plotted in C,/T vs
In T coordinates (Fig. 5), a reduced region of logarithmic
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FIG. 5. Semilog plot of C,,/T vs T for (a) H=0—-60 kG and (b)
H=60-140 kG. All curves (except for the H=140 kG curve) are
shifted up by multiples of 100 mJ/mol K. The dotted line (for H
=60 kG) is a guide to the eye for the largest region of logarithmic
divergency of C,,/T.

divergency [non-Fermi liquid (NFL) behavior] is apparent;
however this linear region in C,,/T(In T) is more ambiguous
than in other heavy fermion compounds displaying NFL be-
havior [e.g, YbRh,Si, (Ref. 4) and YbAgGe (Ref. 12)]. Be-
cause of a downturn in the high field data {H= 50 kG [Fig.
5(b)]} around 5 K for H=50 kG, the largest logarithmic di-
vergency that occurs for H~ 60 kG is limited to only a frac-
tion of a decade in temperature (1.5 K<T<6.5 K). The
above observations suggest that a QCP may exist around a
critical field value H?b just above 60 kG, but the presence of
a NFL region at intermediate field values is less clearly de-
fined than in the previously studied Yb-based heavy fermion
compounds.

One of the expressions considered in the scaling analysis
at a QCP (Refs. 17 and 18) is the crossover function [C(H)
—C(H=0)]/T vs H/TP. In the case of YbRh,Si, (Ref. 8) and
YbAgGe,'3 the H/ TP range over which universal scaling was
observed in high fields corresponded to 1/7<3 K~! and
1.2 K71, respectively (with 8>1). Because of the slightly
enhanced magnetic ordering temperature to 7,4=3.4 K in
YbPtln, the analogous 1/T range is drastically reduced
(1/T<0.3 K1), making the unambiguous determination of
the critical exponent 8 essentially impossible.

Low-temperature resistivity curves for different values of
the applied magnetic field are shown in Fig. 6. The p(T)|y
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FIG. 6. Low-temperature resistivity data for YbPtIn taken at
different applied fields, for Hllab; the small arrows indicate the
magnetic transition temperatures.

data are consistent with the presence of two magnetic phase
transitions at low fields; the small arrows indicate these tran-
sition temperature values, as determined from maxima in the
dp/dT. Both these transitions are suppressed by increasing
applied field. Whereas the upper transition can still be de-
tected for H<<60 kG, a field of about 20 kG is sufficient to
drive the lower one below our base temperature of 0.4 K. It
is worth noting that the critical field H‘C’b~60 kG, deter-
mined from the p(T,H) data as the field required to suppress
the magnetic ordering, is close to the position of the QCP as
inferred based on the Cp data (Figs. 4 and 5).

As Fig. 7 indicates, when the magnetic field is increased
beyond ijb , the temperature dependence of the resistivity is
ambiguous; particularly at fields just above H® (H
~ 100 kG), it is difficult to distinguish between linear or
quadratic behavior of the resistivity as a function of tempera-
ture. Consequently, we leave the complete analysis of the
temperature-dependent resistivity outside the ordered state
for the discussion section.

When magnetoresistance measurements ( p(H)|7) are per-
formed (Fig. 8) three features are apparent at very low tem-
peratures, as indicated for 7=0.4 K by the small arrows. The
inset shows p(H) at T=0.8 K, to exemplify how these tran-
sition temperatures were inferred from these data. For T
=1 K, the two lower transitions merge and the resulting one
is still distinguishable up to ~1.4 K. The upper transition
moves down towards zero field as the temperature ap-
proaches Ty=3.4 K.

Based on the above field- and temperature-dependent
thermodynamic and transport measurements, a 7-H phase
diagram for Hllab can be constructed (Fig. 9): in zero mag-
netic field, two magnetic phase transitions can be observed,
around Ty=3.4 K and Ty=1.4 K. Increasing magnetic field
splits the lower transition into two separate ones around H
~ 10 kG: one of these phase lines drops toward our lowest
temperature at almost constant field, whereas the second one
has a slower decrease with field, such that it approaches T
=0.4 K around H=20 kG. In a similar manner, the upper
transition is driven down toward 0 around H,.=60 kG.

2. H|lc

Figure 10 presents specific heat data for YbPtIn, Hllc, for
fields up to 80 kG. High torques on this sample for this ori-
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FIG. 7. Low-temperature part of the (a) p(7) data for H=60, 70,
80, and 100 kG and (b) p(7?) for H=100, 120, and 140 kG.

entation of the field prevented us from completing these
measurements up to 140 kG. Moreover, as will be shown
below, there are significant discrepancies between the transi-
tion temperatures determined even from the intermediate-
field specific heat data and transport measurements (i.e., for

o YbPtin NRAUL
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FIG. 8. p(H) isotherms for YbPtln, for Hllab and T

=0.4-3.6 K, T=0.2 K; the arrows point to the transition fields at
the lowest temperature, with the inset exemplifying how these criti-
cal fields are determined for 7=0.8 K.
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FIG. 9. Hllab T-H phase diagram for YbPtIn, as determined
from resistivity (solid symbols) and specific heat (open symbols)
data.

H=40 kG). This observation prompts us to suspect that sig-
nificant torques may have changed the sample orientation for
the specific heat measurements, even for fields significantly
lower than 80 kG.

In zero field, we can confirm the two magnetic transitions
observed before, at Ty=3.4 K, and 7,,=1.4 K, respectively;
as the small arrows indicate, the lower-T7 transition is driven
down in field, and falls below 0.4 K for H>40 kG, whereas
the upper transition persists above 80 kG.

The temperature and field dependent resistivity data (Figs.
11 and 12) indicate a much slower suppression of the mag-
netic order with the applied field. In Fig. 11(a), p(T) curves
are shown, with the arrows indicating the transition tempera-
tures as determined from dp/dT. Figure 11(b) presents a sub-
set of these derivatives to illustrate the criteria for determin-
ing the temperatures: for the lower transition, a peak in
dp/dT broadens as field is increased, and disappears for H
>80 kG; the upper transition is marked by a step in these
derivatives, which also broadens as H increases. At the high-
est measured field (i.e., 140 kG), we are unable to distin-
guish between a very broad step (with a possible transition
temperature marked by the small arrow) or a crossover in

T T
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Hllc —e—H=10kG
—2—H=20kG
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FIG. 10. Hllc specific heat data for YbPtIn, for H=0, 10, 20, 40,
60, and 80 kG; small arrows indicate the positions of peaks possible
associated with magnetic phase transitions (dotted arrows: peaks on
Cp(T) data for possibly torqued sample [see text]).
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corresponding dp/dT. The field-dependent resistivity data
(Fig. 12) are indicative of a low temperature transition con-
sistent with that seen in p(T), with the critical fields deter-
mined from onsets.

p (p€2 cm)

H(kG}

FIG. 12. p(H) isotherms for 7=0.4,0.5,1-4 K (AT=0.25 K)
and 5 K. Small arrow indicates the critical field position at the
lowest temperature (7=0.4 K).
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FIG. 13. Hllc T-H phase diagram for YbPtIn, as determined
from resistivity (solid symbols) and specific-heat (open symbols)
data. Error bars on points from p(7) data at H=20, 80, 100, 120,
and 140 kG, and from p(H) at T=0.4 K shown as a caliper of the
errors in determining the points on this phase diagram.

Given the above Cp(T,H) and p(T,H) data, we suspect
that magnetic fields H>20 kG deform the four wires sup-
porting the He-3 specific heat platform used for the Cp(T, H)
measurements, whereas the resistivity sample appears to be
well held in place by grease on the rigid platform. Conse-
quently, at high fields, the two sets of data [Cp(T,H) and
p(T,H)] may not correspond to the same orientation of the
field (Hllc), yielding different transition temperature values
for the corresponding applied fields.

As a result, in constructing the 7-H phase diagram for
Hllc (Fig. 13), we will consider the T values as determined
from the p(T,H) data up to H=140 kG, and only the H
<20 kG ones based on specific heat measurements. Also
shown are error bars for points determined from p(7) data at
several field values (i.e., for H=20, 80, 100, 120, and
140 kG), and for the point obtained from p(H) at our mini-
mum temperature (7=0.4 K); these give a caliper of the er-
rors bars in determining the points on this phase diagram for
the whole field and temperature range. Two transitions can
be observed in Fig. 13, at low fields, around 3.4 and 1.4 K,
respectively. As H is being increased, the low temperature
line slowly approaches T=0 around H~ 85 kG. The step in
dpl/dT associated with the upper transition [Fig. 11(b)]
broadens as the field increases, resulting in increasingly large
error bars in determining these transition temperatures. As
already mentioned, it is uncertain if the transition persists up
to H=140 kG, or if crossover occurs between 120 and
140 kG.

D. High magnetic-field measurements: YbPt, ¢gIn
1. H||lab

Given the differences between YbPtIn and YbPt, ogln evi-
denced by both thermodynamic and transport data (Figs.
1-3), it is desirable to compare similar measurements on the
two compounds and to study the effect of the small stoichi-
ometry change on the field-induced QCP.

Consequently, in Fig. 14 we present the low-temperature
specific-heat data of YbPtjqgIn, for various values of the
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FIG. 14. (a) Low-temperature specific heat curves for
YbPt o3In, for Hllab, with the arrows indicating the positions of the
peaks associated with magnetic ordering; inset: the H=0 Cp/T(T?)
curve, with its linear fit below 5 K (dotted line) extrapolated down
to T=0 to provide a rough estimate of the electronic specific-heat
coefficient y=500 mJ/mol K> (b) low-temperature part of the
C,,/ T(T?) curves for various values of the applied field.

applied field Hllab. A well-defined peak at 7=2.1 K in the
H=0 data may be associated with the magnetic ordering of
this compound. As the applied magnetic field is increased,
this transition (indicated by small arrows) moves to lower
temperatures, and eventually drops below 0.4 K around
35 kG. From the linear extrapolation of the H=0 data from
T~5 K down to T=0 [inset, Fig. 14(a)], we can estimate the
electronic specific-heat coefficient y as y~ 500 mJ/mol K?.
Figure 14(b) shows the magnetic specific-heat data for the
same field values, C,,=Cp(YbPtyogln)—Cp(LuPtIn), plotted
as C,/T vs T?.

Figure 15 shows the magnetic specific heat as C,,/T vs
In 7, for the same field values as before. A logarithmic diver-
gence can be observed in these data, with the largest tem-
perature region where C,,/T(In T) is linear occurring around
H=35KkG (dotted line). However, on the next measured
curve (i.e., for H=40 kG) the linear region extends over a
comparable temperature interval, at slightly higher tempera-
tures than in the H=35 kG case. It thus appears that the
largest temperature region (close to a decade) for the loga-
rithmic divergency of the C,,/T data may occur for some
intermediate field value (35 kG<<H <40 kG). These data
could be described as C,,/T=7v',In(T,/T), with the ranges
for vy, and T, determined from the linear fits on the H=35
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FIG. 15. Semilog plot of C,,/T vs T for (a) H=0-40 kG and (b)
H=40-140 kG. All curves (except for the H=140 kG one) are
shifted up by multiples of 200 mJ/mol K?. The dotted lines (for
H=35 and 40 kG) are guides to the eye for the linear regions on the
C,,/T curves for H possibly just above and below H (see text).

and 40 kG curves: 420 mJ/mol K2< y(’)<430 mJ/mol K2,
and 14.7 K>T,>13.5 K. The above observations seem
consistent with a QCP in this compound with critical field
just above 35 kG.

Figure 16 shows the low-temperature resistivity data for
various values of the applied magnetic field. A maximum in
dp/dT, associated with the magnetic ordering can be identi-
fied at T=2.2 K in the H=0 data, and is marked by small
arrow in Fig. 16(a); as the field is increased above 35 kG,
small arrows indicate that this transition temperature drops
below 0.4 K, consistent with the specific heat data.

As was the case of YbPtlIn, in YbPt;gln the temperature
dependence of the resistivity outside the ordered state is am-
biguous. From Figs. 16(b) and 17, it is unclear whether the
resistivity is linear or quadratic in field for H >HZ[’ , particu-
larly for intermediate field values (H<55 kG). A detailed
analysis of the resistivity data above the critical field will be
performed in Sec. IV, for both compounds. This should allow
us to better clarify the position of the QCP and the existence
of a Fermi liquidlike (FL) regime in these systems.

Transverse magnetoresistance measurements were taken
at constant temperatures ranging from 0.4 to 10 K. As shown
in Fig. 18, two different temperature regimes can be identi-
fied in these data: for T7=0.4—-1.8 K [Fig. 18(a)], two transi-
tions can be distinguished. The small arrows mark the posi-
tions for these two transitions for 7=0.4 K, whereas the inset
illustrates how these critical field values were determined. As
the temperature increases up to about 1.8 K, the upper tran-
sition moves down in field and broadens, whereas the posi-
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FIG. 16. YbPtjggln low-temperature resistivity data for Hllab,
for (a) H=0, 10, 20, 25, 30, 35, and 40 kG and (b) H=40, 42.5, 45,
50, 55, 60, 70, 80, 100, 120, and 140 kG. Small arrows in (a)
indicate the possible ordering temperatures, whereas in (b) the solid
lines are guides to the eye for the potentially linear regions on the
H=42.5, 45, 50, and 55 kG curves.

tion of the lower one seems almost unaffected by the change
in temperature. For temperatures higher than 2 K [Fig.
18(b)], the magnetoresistance isotherms display only a broad
feature that looks more like a crossover rather than a transi-
tion.

Using the detailed Cp(T,H) and p(T,H) measurements
discussed above, the YbPt, ogIn 7-H phase diagram for Hllab
can be constructed. As can be seen in Fig. 19, it is qualita-
tively similar to the corresponding 7-H phase diagram for
the stoichiometric compound (Fig. 9): in YbPt; ogIn magnetic
ordering occurs at around 2.2 K. An almost field-
independent phase line is apparent in the p(H)|, data around
8 kG, and it appears to persist close to the magnetic ordering
temperature. Increasing applied field drives the higher tran-
sition toward 7=0 at a critical field values around 35 kG.

2. H|c

The similarities observed previously between YbPtIn and
YbPtyogln are also present for the Hllc direction, as the
Cp(T,H) and p(T,H) measurements indicate. As in the case
of the stoichiometric compound, significant torques on the
specific-heat platform and sample for H=50 kG may be the
cause of the different transition temperature values, as deter-
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FIG. 17. Low-temperature part of the YbPt; ogIn p(7?) data, for
(a) H=42.5, 45, 50, 55, 60, and 70 kG and (b) H=70, 80, 100, 120,
and 140 kG, with solid lines as guides to the eye for the potentially
linear regions for the H=45 kG curves.

mined by the two data sets mentioned above. Therefore we
will only take into consideration Cp(T,H) data for H
<50 kG (Fig. 20). Similar to the H|lab measurements (Fig.
14), the Hllc Cp curves reveal a magnetic transition around
2.1 K for H=0 (Fig. 20), which drops to ~2 K for H
=40 kG, before the sample torques significantly; small ar-
rows indicate the position of the transition temperature for
the three curves shown in Fig. 20.

The temperature- and field-dependent resistivity data (Fig.
21) indicate a slow suppression of the magnetic order with
the applied field. Figure 21(a) shows the p(T) curves in vari-
ous applied fields, with the large circles marking the phase
transition as determined from dp/dT; the inset illustrates
how the transition temperature was determined for H=0. The
critical field required to suppress this transition below our
base temperature appears to be around 120 kG. Given the
limited temperature range at these high fields, for H=130
and 140 kG, we were unable to distinguish a linear or qua-
dratic temperature dependence of the resistivity. The magne-
toresistance isotherms are presented in Fig. 21(b), and the
large squares on this plot also indicate the high-7" magnetic
phase transition; in the inset, a few dp/dH curves are shown
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FIG. 18. p(H) isotherms for YbPtyggln, for Hllab and (a) T
=04-1.0K (AT=0.1K), 1.2-22K (AT=02K), and (b) T
=22-3.0 K (AT=0.2 K), 4, 6, 8, and 10 K; the arrows point to the
transition fields at 7=0.4 K, with the inset exemplifying how these
critical fields were determined.

to illustrate how the critical field values for the transition
were determined.

Based on the Cp(T,H) and p(T,H) presented above, the
Hllc (T-H) phase diagram for YbPt;¢gIn can be obtained, as
shown in Fig. 22. At low fields, this 7-H phase diagram is
consistent with the in-plane one for this compound: a mag-
netic transition is apparent around 2.2 K, but the possible
second one around 1.0 K is not visible in the Hllc measure-
ments; the T=2.2 K transition is driven down in temperature
by increasing applied fields, and it approaches our base tem-
perature (i.e., 0.4 K) around 120 kG. Lack of measurements
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FIG. 19. Hllab phase diagram for YbPt)¢gln, as determined
based on specific-heat (open symbols) and transport (solid symbols)
data. The error bars on the high-field points represent the uncer-
tainty in determining the cross over temperatures.
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FIG. 20. Hllc specific heat data for YbPt, ogln, for H=0, 20, and
40 kG; small arrows indicate the positions of peaks possibly asso-
ciated with the magnetic phase transition.

below 0.4 K or above 140 kG limits our ability to probe the
existence of a QCP in this orientation, similar to the one at
H=35 kG for Hllab.

IV. DISCUSSION

For both the YbPtIn and YbPt; ¢sIn compounds a number
of similar properties, as well as systematic differences, could
be distinguished. First, the small stoichiometry difference
was apparent from single-crystal x-ray measurements, which
also resulted in slightly reduced lattice parameters and unit
cell volumes in the YbPtIn system. Furthermore, the resistiv-
ity values were shifted toward higher values in the Pt-
deficient compound [Figs. 2(b) and 3] for the whole tempera-
ture (7=0.4—-300 K) and field ranges (H=0-140 kG) of our
measurements. High-enough fields suppressed the magnetic
order in both systems, at least for field applied within the
basal plane; in a similar manner to the 7T scale in these com-
pounds, the critical field value was reduced in YbPt;gIn by
comparison to the analogous one in YbPtIn. For Hllc, the
field values required to suppress the magnetic order in
YbPt; ogIn and YbPtIn were close to, or respectively higher
than our maximum available field (i.e., 140 kG); this pre-
cluded us from studying the low-temperature properties of
the two compounds outside the ordered state, for this orien-
tation of the field.

For Hllab NFL-like behavior seems to occur in YbPt ogIn
for intermediate field values above the ordering tempera-
tures, as indicated by the logarithmic divergence of the C,,/T
data [Fig. 15(a)]. In YbPtln, the NFL region is less clearly
defined in the specific heat, as its logarithmic divergence was
limited to a small temperature range by a downturn in the
C,,/T(In T) data (Fig. 5) toward high 7. Even more ambigu-
ous was the temperature dependence of the resistivity data in
both compounds, for H >Hf_b . Below we are presenting a
detailed analysis of these data, aimed at distinguishing be-
tween, if existent, the NFL and FL regimes and providing a
more accurate estimate of the QCP position in each of the
two compounds.
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FIG. 21. (a) YbPt, ogln low-temperature resistivity data for Hllc,
for H=0-140 kG (AH=10 kG), with the large dots marking the
possible magnetic ordering temperature; inset: H=0 dp/dT, with
the small arrow marking the transition temperature. (b) p(H) iso-
therms for 7=0.4-3.0 K (AT=0.1 K). The critical fields for the
possible phase transition were determined as local maxima in
dp/dH (as illustrated in the inset for 7=1.2—1.6 K) and are shown
as large squares.

A. Hl||ab resistivity data above the magnetically ordered state

Given the ambiguity already mentioned in the power law
that best describes p(T) data above the ordered state, we
attempt to determine the exponent 3 when the temperature
dependence of the resistivity is given by: Ap(T)=AT?, where
Ap(T)=p(T)-py. This is best done by determining the slope
of the Ap(T) data on log-log plots at various field values.
However, the accuracy of the resulting B(H) values is highly
dependent on accurate estimates of the residual resistivity
values py(H). In turn, the estimates of the py(H) values are
made difficult by their enhanced values compared to the
over-all resistivity values (Fig. 3).

Consequently, we determine the residual resistivity values
using two criteria: first, from fits of the low-T7 resistivity data
to a py+ATP function; second, given that Figs. 16(b) and 17
(for YbPt,ogIn) or Fig. 7 (for YbPtIn) suggests that low-T
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FIG. 22. T-H phase diagram for YbPtyogln (Hllc), as deter-
mined from the specific heat (open symbols) and resistivity (solid
symbols) measurements.

p(T) data are close to being either linear or quadratic in 7,
we also choose (for mathematical rather than physical rea-
sons) a second-order polynomial function to determine p, as
a function of field: p(T)=p,+AT+BT>. For each field value,
the average p, resulting from the two aforementioned criteria
is used to calculate Ap(T)=p(T)-p, plotted in Figs. 23(a)
and 24(a) respectively, on a log-log scale. The large data
scattering toward the lowest temperatures, particularly at
high fields, is due to the fact that Ap is calculated as the
difference between two comparably large values, p(7) and
Po- As a consequence, the values of the exponent S are being
determined from (i) linear fits shown as solid lines, for
Ap(T)=p(T)-p, larger than ~0.1 uQ cm (marked by the
dashed horizontal line), and (ii) from similar linear fits down
to the lowest measured temperature (dotted lines). Together
with the exponent values originally determined from fitting
the low-T data to py+AT? functions, we can now determine
the B values shown in Fig. 23(b) and 24(b), as full symbols,
with their corresponding error bars.

In the case of YbPt,ggIn [Fig. 23(a)], the resistivity is
linear on the log-log scale, up to some maximum tempera-
tures T,,,x marked with large triangles, with a large change in
slope for 60 kG<H <70 kG. This is equivalent to the expo-
nent B having a discontinuous change from B=1 below
60 kG (i.e., for H>H"), to B~2 in higher fields (H
>Hf}’), as can be seen in Fig. 23(b). Also shown in Fig.
23(b) are the temperatures T,,, below which the low-
temperature Ap manifests a Fermi liquidlike exponent of 8
~2, analogous to the crossover previously reported for
YbRh,Si, (Ref. 4) and YbAgGe.'? The departure from lin-
earity on the resistivity plots can be determined up to a tem-
perature range, and not a unique temperature value, which
results in finite error bars on these crossover temperatures.
However, a monotonic increase of the crossover tempera-
tures with field is observed, with the corresponding error
bars also increasing. When adding this crossover line to the
H-T phase diagram (see below Fig. 25, full triangles), it ap-
pears to converge with the magnetic order upper boundary
(solid line) around the QCP between 45 and 70 kG.

When we describe the YbPtln low-T resistivity data as
p—po=ATP for H> Hﬁb , We encounter a situation very simi-
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FIG. 23. (a) Low-temperature part of the YbPtyogln In(Ap) vs
In T data for H=45, 50, 55, 60, 70, 80, 100, 120, and 140 kG, with
their respective linear fits at very low T (solid lines). The large
triangles indicate the temperatures at which deviations from linear-
ity occur. (b) Exponent B (left) and crossover temperature T,y
(right) as a function of H, with the corresponding error bars.

lar to that seen in YDbPtjogln: the logarithmic plot in Fig.
24(a), linear at low T, is indicative of a jump in slope for an
applied field between 70 and 80 kG, where the slope gives
the values of the exponent 8. It appears that the exponent
has a discontinuous variation with field [Fig. 24(b) (left)]
from B=1 for H>H", to f=2 when H>H". This sug-
gests a NFL-like regime just above the magnetically ordered
state, with a crossover to a FL state above 100 kG, making
this compound fairly similar to the Pt-deficient one, but also
to the previously reported YbRh,Si, (Ref. 4) and YbAgGe.'?

As observed before for YbPt, ogln, due to the data scatter-
ing, the departure of the low-temperature resistivity plots
from the FL-like S~2 behavior at the highest field allows us
to determine a crossover temperature range, rather than a
temperature value. This results in finite error bars on the
crossover temperatures, as seen in Fig. 24(b) (right). How-
ever, an increase of the crossover temperatures with field is
observed, both in Fig. 24(b), and also in the revised H-T
phase diagram (Fig. 26) (full symbols).

B. Hall resistivity measurements in YbPt, ogIn: H/|lab

Based on the low temperature thermodynamic and trans-
port measurements, YbPtIn and YbPtjogIn can be regarded
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FIG. 24. (a) Low-temperature part of the YbPtIn In(Ap) vs In T
data for H=70, 80, 100, 120, and 140 kG, with their respective
linear fits at very low T (solid lines). The large triangles indicate the
temperatures at which deviations from linearity occur. (b) Exponent
B (left) and crossover temperature Ty, (right) as a function of H,
with their corresponding error bars.
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FIG. 25. Revised YbPtogln phase diagram (Hllab). The solid
lines correspond to the phase lines from the 7-H phase diagram in
Fig. 19, and the symbols delineate the new phase lines as deter-
mined from the p(7?) data, using various criteria as described in the
text.
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FIG. 26. Revised YbPtIn phase diagram (H|lab). The solid lines
correspond to the phase lines from the 7-H phase diagram in Fig. 9,
and the symbols delineate the new phase line as determined from
the p(T?) data, using various criteria as described in the text.

as Yb-based heavy fermion compounds with long range, pos-
sibly reduced moment ordering that can be driven through a
field-induced quantum critical point, similar to the previ-
ously studied Yb-based HF systems, YbRh,Si, (Ref. 8) and
YbAgGe.!3 In the latter two compounds, the Hall effect
served as an additional tool for characterizing the QCP and
its effects on the finite-temperature properties of these mate-
rials.

In order to further explore the field-induced QCP our Yb-
based compounds, field-dependent Hall resistivity measure-
ments were performed for temperatures up to 300 K. How-
ever, the data on the stoichiometric compound was noisy,
given the limited (small) crystal size, and meaningful Hall
resistivity data could only be collected for the solution-
grown compound for Hllab. These measurements are shown
in Fig. 27.

We determined the Hall coefficient Ry for YbPt)ogln as
pu(H)/H, in the low-field (H<30 kG) and high-field (H
>60 kG) regimes, shown in Fig. 27 for various 7. [This
alternative definition for the Ry(T) was preferred to dpy/dH
due to the scattering of the data at low fields as seen later in
Fig. 29(b)]. The results are shown in Fig. 28 on a semi-log
scale. The high-H points (squares) show the expected level-
ing off of Ry(T) as T— 0, whereas the low-H data appear to
have a stronger temperature dependence. At temperatures
higher than 25 K, the two data sets merge {as the py(H) data
become roughly linear for the whole field range [Fig. 27(a)]}.
These data indicate that the field-dependent Hall resistivity
will be nontrivial and potentially of interest at low tempera-
tures.

In the field-dependent Hall resistivity measurements
shown in Fig. 27, two possible regimes can be distinguished:
a high-T regime (T>25 K), where a monotonic decrease
with field can be observed, despite the scattering of the data
[Fig. 27(a)], and a low-T regime (7<25 K), for which a
minimum in the py(H) data appears and sharpens as the tem-
perature decreases [Fig. 27(b)]. For 5 K<T<25 K, the Hall
resistivity curves show a fairly broad minimum [Fig. 27(b)],
marked by the large gray dots, which moves down in field
with decreasing temperature. Below 5 K, this minimum is
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FIG. 27. Field-dependent Hall resistivity for YbPty ogIn (Hllab)
for (a) 7=25-300 K and (b) T=0.4-20 K (except for the T=0.4
and 25 K, all curves are shifted up by multiples of 0.2 u{) for
clarity). The lines represent the phase transitions from the phase
diagram in Fig. 19; the large diamonds indicate the py minima.
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FIG. 28. Temperature-dependent Hall coefficient of YbPt,¢gln
(Hllab)), with low-field (open symbols) and high-field (solid sym-
bols) points determined as described in the text.

more and more pronounced, and is almost unaffected by the
change in temperature.

Coleman et al.'® have indicated that Ry(C) data (where C
is a control parameter, i.e., H in our case) can be used to
distinguish between two possible QCP scenarios: diffraction
off of a critical spin density wave (SDW) [manifesting as a
change in the slope of Ry(C) at C] or a breakdown of the
composite nature of the heavy electron [signaled by the di-
vergence of the slope of Ry(C) at C.;.]. In our case, it is not
clear what definition of the Hall coefficient should be used
for comparison to the theory (i.e., either Ry(C)=py/H or
Ry(C)=dpy/dH) since the magnetic field H is itself the con-
trol parameter C. Therefore in Fig. 29, we are presenting the
Ry(H) curves determined using both of the aforementioned
definitions. When Ry(H)=py/H [Fig. 29(a)], the Hall coef-
ficient is linear up to a field value that varies nonmonotoni-
cally with 7, as indicated by the dashed line. This line is
shifted to higher field values with respect to the Hall resis-
tivity line [Fig. 29(a)] and is marked here by the large dia-
monds. When using the Ry(H)=dpy/dH definition for the

P2 T s s e e e e
L (b)
0K

042 2or W Wmm "t?f (())K FIG. 29. Alternative defini-
A ) Jﬁ,}pﬁ%‘%&m"gwfy*a_OK tions of the Hall coefficient of
— ko A YbPtyggln (H||ab): (a) Ry=pu/H
O 008 o 3 y 204 and (b) Ry=dpy/dH, measured at
5 5 1oL P 1 51 various temperatures. Except for
@ Sc:, 1K the T=0.4 K ones, all other curves
T T : oK are shifted for clarity, by multiples
% oo Sosr A A g of (@) 0.01 nQem/G and (b)
5 "?}m» ,.XA%, MR 0.2 nQ) cm/G. The large dots are
041 7Y ;‘}‘ﬂ § * i M 0.6k the py minima shown in Fig. 27,
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0oL ;y‘ _qhﬂ'}"fﬁwtwffﬂﬁ?io'“ crossover line, determined by the
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FIG. 30. Revised YbPt;osln phase diagram (H|lab). The solid
lines now represent the phase lines from the 7-H phase diagram in
Figs. 19 and 25, and the symbols delineate the new phase line as
determined from the Hall resistivity data, using various criteria as
described in the text.

Hall coefficient [Fig. 29(b)], the maximum-H points on the
low-field linear fits could be used as the criterium for defin-
ing the Hall line (indicated by the dotted line).

Regardless of what criterium is being used, the Hall mea-
surements define a new phase line, distinct from any of the
ones inferred from either the Cp(T,H) or the p(H,T) data.
Figure 30 shows the T-H phase diagram with the phase lines
determined from the p(H,T) (H< H?b) or the Cp(T,H) data
(lines), together with the cross-over line and the Hall line
inferred from the various definitions (symbols). The line re-
sulting from the Hall resistivity py data (diamonds) seems to
persist even below T4, down to our lowest 7. However, the
other two criteria used for the definition of the Hall line
[Ry(H)=py/H or H,,,, for the linear fit of Ry(H)=dpy/dH]
delineate lines, which more closely resembles the Hall line
observed for either YbRh,Si, (Ref. 8) and YbAgGe (Ref. 13)
as it appears to converge with the “coherence” line (i.e., the
line defining the crossover between the non-Fermi-liquid and
Fermi-liquid-like regimes), and the high-T magnetic ordering
phase boundary, at the QCP, around Hffb. It should be noted,
though that, unlike YbAgGe, for which the Hall line is
clearly not associated with the saturation of the Yb
moments,?* for YbPt ogIn the Hall line appears to be close to
the saturation fields, at least at the lowest temperatures.

C. Summary

Based on the presented data, we can conclude that in both
YbPt)ggIn and YbPtln, when magnetic field is increased
above Hifb, the system first enters a NFL state, followed, at
higher fields, by a FL-like state: the specific heat has a loga-
rithmic divergence (Figs. 15 and 5) and the resistivity shows
a Ap~ ATP functional dependence [Figs. 23(a), 23(b), 24(a),
and 24(b)], with B having a discontinuous change at inter-
mediate field values, from B=1 to B8=2. Moreover, from
Hall resistivity measurements on the Pt-deficient compound,
we were able to determine another totally distinct line in the
T-H phase diagram (Fig. 25), convergent, toward the lowest
temperature, with the crossover line and the high-T
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FIG. 31. The Hllab field-dependent electronic specific heat co-
efficient y of YbPtln (open symbols) and YbPtyogln (solid
symbols).

magnetic-order line. All these observations lead us to believe
that a QCP exists in both compounds, around Hf_b
~35-55 kG for YbPt;¢gln, and 60 kG for YbPtIn.

To further study the nature of the field-induced QCP in the
two systems, we analyze the field dependence of the elec-
tronic specific heat coefficient . Also, in order to extend the
comparison of the disordered state in our systems and in
previously studied compounds [YbRh,Si, (Ref. 8) and
YbAgGe (Ref. 13)], we analyze the field dependence of the
coefficients A in the ApxAT? (B8=2) resistivity, even though
in both YbPtIn and YbPt;ogln the resistivity was not exactly
quadratic for H> Hﬁb, but B=2.

The field-dependent electronic specific-heat coefficient y
could be estimated at low 7, outside the ordered state, and
these values are shown in Fig. 31. For both compounds, y(H)
was taken as the corresponding C,,/T value at T=1.3 K,
such as to avoid the low-T upturn in the highest field data. A
drastic decrease of 7y (almost an order of magnitude) can be
observed in Fig. 31 for both compounds, for fields above
their respective H*.

The field dependence of the coefficient A of the quadratic
resistivity is shown in Fig. 32(a) and 32(b) for YbPtIn and
YbPt) o5ln, respectively. A 1/(H—H) divergence can be
observed for both compounds, with H3 estimated from the
fit as 64.4 kG for YbPtIn, and 56.0 kG for YbPtogln. This
critical field value for the former system is consistent with
the Hllab specific-heat and resistivity data (Figs. 4-9), which
suggested that H‘C‘bz 60 kG. In the case of YbPt, ogIn, where
NFL behavior was observed between 35 and 55 kG, the criti-
cal field value can only be determined to a range within the
above two field values; the Hff(‘)lc%56 kG determined from
the A vs 1/(H—Hﬁgl°) fit [Fig. 32(b)] is close to the above
field range, thus consistent with the specific heat and resis-
tivity data (Figs. 14—19 and 23-25).

The proportionality A~ > between the resistance coeffi-
cient A and the electronic specific-heat coefficient 7y is em-
phasized by the logarithmic plots in the insets in Fig. 32. In
the case of the YbPtIn compound [Fig. 32(a), inset], the solid
line represents the Kadowaki-Woods ratio A/y*=~2.6
X 107> uQ cm/(mJ/mol K)2. Such a value is close to that
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FIG. 32. The Hllab T*-resistivity coefficient A as a function of
field, for (a) YbPtIn and (b) YbPtjegIn (symbols); the solid line
represents a 1/(H—H<") fit, from which the expected critical field
values H®4® were estimated (see text). Inset: log plot of A vs y
(symbols), with a linear fit (solid line) used to estimate the A/ >
ratio.

observed for many heavy fermion systems,?® but slightly
higher than the A/+? ratio reported for YbRh,Si,;’ this, in
turn, was larger than the values observed for most Yb-based
intermetallic compounds.?! The corresponding value was
larger still in YbAgGe,'? and it would appear that this is a
common feature of Yb-based materials with field-induced
NFL-like behavior.
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When we turn to the Pt-deficient compound [Fig. 32(b),
inset], a smaller A/y2 ratio is indicated by the solid line:
Al Y=0.4%107 u cm/(mJ/mol K)2. This value is again
one order of magnitude larger than that expected for many
Yb-based compounds,21 and several times smaller than the
ratio observed for the stoichiometric YbPtIn compound [Fig.
32(a)]. In light of observations of suppression of the A coef-
ficient due to site disorder,'?> we may have to consider the
A/~ ratio for YbPtygln as a reduced value from the en-
hanced ratio observed for the stoichiometric compound.

V. CONCLUSIONS

The detailed field- and temperature-dependent measure-
ments presented here allowed us to confirm that YbPtIn is a
heavy fermion compound, as has been presented by
Trovarelli et al.! In addition, we showed that a field-induced
QCP exists in this material, at least for Hllab, with H?h
~ 60 kG. In addition to the magnetic field used as a control
parameter, we showed that a small Pt deficiency introduced
in this system had effects consistent with positive pressure
applied to Yb-based heavy fermion compounds. Thus, in the
YbPt, ogIn compound we also see a suppression of the mag-
netic ordering by applied magnetic field; in addition, the
small disorder also suppresses the ordered state (both T4
and H, have smaller values in this compound than the similar
ones in YbPtIn).

NFL regions can be observed in both our compounds for
H> H‘jb, characterized by linear p(7?) (8==1) and logarith-
mic divergency of the specific heat. For H> H‘;b, the expo-
nent B approaches 2, suggesting a crossover to a low-T FL
state at these field values, similar to YbRh,Si, (Ref. 5) and
YbAgGe.'?

As the critical field required to suppress the magnetic or-
der in YbPtj¢gln and YbPtIn in the ¢ direction appeared to
exceed our maximum field, experiments to higher fields
would be desirable in order to extend the comparison with
YbRh,Si, and YbAgGe to the effects of anisotropy on the
field-induced QCP.
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