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High-resolution thermal-expansion and specific-heat data of isovalently substituted single-crystalline
BaFe;(As;_,P,), (0 < x <0.33, x = 1) are presented. We show that crystals can be detwinned in situ in
the capacitance dilatometer, allowing a study of all three independent crystallographic directions. From the
thermal-expansion data, we determine the phase diagram via a thermodynamic probe, study the coupling of the
spin-density wave (SDW) and superconducting order parameters, and determine various pressure dependencies
of the normal and superconducting states. Our results show that in the underdoped region, superconductivity
and SDW order coexist and compete with each other. The resulting phase diagram, however, exhibits a smaller
coexistence region of SDW and superconductivity with a steeper rise of 7. on the underdoped side than in, e.g.,
Ba(Fe;_,Co,),As,. On the overdoped side, where there is no sign of SDW order, the lattice parameters respond to
superconductivity in much the same way as to the SDW on the underdoped side, which demonstrates the intimate
connection between both kinds of order. Using thermodynamic relations, the uniaxial pressure derivatives of
the superconducting critical temperature and the electronic Sommerfeld coefficient are determined from our
thermal-expansion data together with the specific-heat data. We find that uniaxial pressure is proportional to P
substitution and that the electronic density of states has a maximum at optimal doping. Overall, the coupling of
the SDW and superconducting order to the lattice parameters of BaFe,(As;_,P,), is found to be qualitatively

very similar to that of the well-studied, supposedly electron-doped Ba(Fe,_,Co,),As, system.

DOLI: 10.1103/PhysRevB.86.094521

I. INTRODUCTION

In the intensively studied 122 family of iron-based
superconductors, superconductivity can be induced by various
substitutions in BaFe,;As, (Bal22), e.g., K for Ba, Co or Ru for
Fe, and also P for As, as well as by hydrostatic pressure.' In
all cases, the resulting phase diagrams are surprisingly similar:
a superconducting dome arises around the doping level or
pressure where the magnetostructural transition of the parent
compound is suppressed to zero temperature. This raises the
question of the detailed physical mechanism leading from the
spin-density wave (SDW) to superconductivity using these
different tuning parameters. The isovalent substitution of As
by P in BaFe,(As;_.P,), (P-Bal22) with a maximum 7, of
30 K is particularly interesting since (nominally) no additional
charge carriers are introduced. Here, it has been suggested
that superconductivity is induced by a chemical pressure
effect.*>7 It was also found that the phase diagram of P-Ba122
can be tracked from any starting P concentration’ using
hydrostatic pressure, suggesting that pressure is somehow
equivalent to additional doping, as has also been found for the
Co-doped system.®’ In contrast to Co doping, P substitutions
do not appear to introduce significant disorder as evidenced
by the observation of de Haas—van Alphen (dHvA) signals
for 0.41 <x <1 (Refs. 10 and 11) and the absence of
quasiparticle scattering in vortex pinning.'> The low scattering
rate for P substitutions is one reason why this may be an ideal
system for further study. Evidence for a quantum critical point
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close to optimal doping was obtained from non-Fermi-liquid
transport,’ nearly zero Curie-Weiss temperature in NMR,!?
and mass enhancement in dHvA measurements. '?

Recent studies on Co-Bal22 showed that both magnetic and
structural order parameters are reduced in the superconducting
state.'*'% This has been interpreted as evidence for micro-
scopic coexistence and competition between the orthorhombic
SDW phase and superconductivity in the underdoped region of
the phase diagram.'*!” In some of the 1111 compounds, on the
other hand, no such coexistence region has been observed,'®
and it is still debated whether magnetism and superconduc-
tivity coexist microscopically in K-doped Bal22."9?! It is
thus of great interest to study the interplay of magnetism and
superconductivity also in P-Bal22.

In this paper, the thermodynamic phase diagram, the
interplay of structural/magnetic order and superconductivity,
as well as the effects of uniaxial pressure on normal and
superconducting state properties of BaFe,(As;_,P,), are
investigated by thermal-expansion measurements, comple-
mented with specific-heat and magnetization data. Throughout
the paper, we will compare our results to those of the Co-doped
system, for which several detailed thermal-expansion studies
already exist.”?>?* One main result of our study is that both P-
and Co-substituted systems behave qualitatively very similar.
In particular, not only the phase diagrams, but also the uniaxial
pressure derivatives of the transition temperatures, as well as
the coupling of the order parameters, turn out to be quite
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similar in both systems. Both kinds of substitutions can also be
directly linked to uniaxial pressure, and both systems display
a maximum of the Sommerfeld coefficient at optimal doping.
The interesting question of why these systems behave so
similar, in spite of the presumably different routes (chemical
pressure versus electron doping) to superconductivity, will be
addressed at the end of the paper. Please note that throughout
the paper the term “doping” will be used in a broad sense, as
an equivalent to substitution.

The paper is organized as follows. In Secs. II and III, we
present the experimental details and results, from which we
construct the thermodynamic phase diagram (Sec. IV). In
Sec. V, we discuss the interplay of the structural/magnetic
order with superconductivity. The uniaxial pressure effects
on T, and the electronic density of states are presented in
Sec. VI, and conclusions are provided in Sec. VII. A brief
preliminary report>* on parts of this work has been presented
previously.

II. EXPERIMENTAL DETAILS

Single crystals of P-substituted Bal22 were grown from
stoichiometric mixtures of the starting materials as described
in Ref. 5. Crystals of pure BaFe,P, were grown from self-flux
using an Al,O; crucible in a closed steel container. Ba and
prereacted FeP were mixed in a ratio of 1:5, heated up to
1300 °C and slowly cooled down to 1200 °C at a rate of
0.3 °C/h. The typical crystal size is ~500 x 500 x 100 um?.
Four-circle x-ray structural refinements were conducted on
three of our samples and yielded a P content of x =
0.25(1),0.30(1),0.33(1). The P content of the other sam-
ples [x = 0.12(2),0.18(2),0.26(2),0.27(2)] was determined by
energy-dispersive x-ray analysis (EDX) on these samples and
complemented by four-circle x-ray diffraction on samples
from the same batch, hence the larger error.

Thermal expansion was measured in a home-built capac-
itive dilatometer with a typical resolution of 0.1-0.01 A
(Ref. 25). In the dilatometer, the sample is pressed against
one plate of a plate-type capacitor (with a force of F' =~ 0.2 N)
so that a change of the sample length results in a changing
capacitor gap. Samples were mechanically detwinned in situ
by mounting them such that the dilatometer pressure is directed
along their tetragonal [110] direction.? In this configuration,
thermal expansion along the (shorter) orthorhombic b axis
is measured. Comparison with twinned samples, for which
the dilatometer pressure is applied along the tetragonal [100]
direction, allows us to estimate the thermal expansion along the
orthorhombic a axis as well. Accurate data could be obtained
in spite of the (for dilatometry) extremely small sample
size.

The specific heat on the tiny samples with masses in
the order of 100 micrograms was measured with a home-
made microrelaxation calorimeter using a “long-relaxation”
technique.?” Each relaxation at different base temperature
provides about 1000 data points over a temperature interval
of up to 50% above the base temperature. Magnetization
was measured with a commercial Quantum Design vibrating-
sample superconducting quantum interference device (VSM-
SQUID).
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III. RESULTS

Figure 1 shows the measured uniaxial thermal-expansion
coefficients o; = (1/L;)dL;/dT where L is the sample length
and the subscript i stands for the direction. Clear anomalies
are observed at the magnetostructural transition (at Ty, ) and at
the onset of superconductivity at 7" as indicated in the figure.
Panel (b) shows the detwinned measurements of underdoped
samples, which become orthorhombic upon cooling. It is
clear that the process of detwinning strongly enhances all
anomalies when compared to the twinned measurements
[panel (a)]. In order to look for a possible splitting at the
magnetostructural transition into two transitions, we present
a detailed comparison of twinned, detwinned, and c-axis
data in panels (e) and (f) of Fig. 1 for x = 0.18 and 0.25,
respectively. Only a single peak at Ty, is discernible in the
c-axis data for the x = (.25 sample, whereas there appears
to be an additional shoulder a few degrees above the peak
at Ty, for the x = 0.18 sample. The twinned data give very
similar transition temperatures as the c-axis data and also do
not show clear evidence for a split transition. From these data,
we estimate that a possible splitting of the magnetostructural
transition amounts at most to ~2-4 K. The peaks in the
detwinned data, in which uniaxial pressure is applied along
the tetragonal [110] direction, show a significant broadening
and a slight upward shift (~3 K) in temperature, in line with
theoretical expectations.”® Since we are unable to determine
split transition temperatures reliably, we choose to refer to a
joint magnetostructural transition, bearing in mind that a small
splitting can not be ruled out.

Samples with x > 0.25 show bulk superconductivity. The
onset of superconductivity on the underdoped side is signaled
by arather sharp kink (at 7”") followed by a broad peak, which
has the opposite sign of the anomaly at the structural transition.
We use an area-conserving construction [see Fig. 2 (e)] to
define a 7™, On the overdoped side (x = 0.33), the anomaly
at 7, has the usual, steplike shape expected at a second-order
phase transiton, and 7" and 7, nearly coincide. Note that
the sign of the thermal-expansion anomaly allows us to assign
a sample uniquely to lying either on the underdoped or on
the overdoped side. The anomalies of the thermal-expansion
coefficient along the ¢ axis [Fig. 1 (c)] have similar shape but
opposite sign as compared to the in-plane measurements in all
cases. It is important to note that the anomalies of the «;’s have
the same sign and exhibit a very similar shape as reported for
the Ba(Fe;_,Co,),As; (Co-Bal22) system.g’zz’23 Since o;
—dS/dp; (uniaxial pressure derivatives of the entropy), this
shows that the entropy of the two systems responds similarly
to uniaxial pressure. This will be discussed in more detail in
Sec. VL.

The strikingly different shape of the superconducting
transition of underdoped and overdoped samples is also seen
in other measurements. Figure 2 shows the superconducting
transition of the underdoped (x = 0.27) and overdoped (x =
0.33) P-Bal22 samples in the dc magnetization, the electronic
specific heat (derived by subtracting the lattice heat capacity
of an undoped Bal22 sample), and the thermal expansion.
For underdoped BaFe,(Asg73Pg.27)2, there is a sharp onset at
T in all three data sets, however, the main anomaly appears
very broad and rounded. The approximate transition width is

094521-2



THERMODYNAMIC PHASE DIAGRAM, PHASE ...

PHYSICAL REVIEW B 86, 094521 (2012)

(a) | BaFe,(As, P),
x=0
40 x=0.18 Tem
x=0.25
x=0.27
= x=0.33
L0¥ x=1 J\\‘
o 20t
5;
ok
twinned detwinned
a- and b-axis b-axis c-axis
L L L L L L L L _30 L L L L
0 40 80 120 1600 40 80 120 160 0 40 80 120 160
TK] T [K] TIK]
4 1 (d) (e)‘ detw;nned ® detwir‘med
twinned 150]%=0-18 b-axis | 401 x=0.25 b-axis
lonl twinned : twinned
o¥ 2¢ —_ a-and b-axis | _ a- and b-axis
o u% 100 c-axis < c-axis
= 0} 9 9 20+
| 3 E
E0l 50+ 4
-2 T .
41 oF ‘
0 1b 2‘0 3‘0 4b 5‘0 76 éO ‘30 100 46 ‘ 60 Bb 100
TIK] TIK] TIK]

FIG. 1. (Color online) Uniaxial thermal-expansion coefficients «; as a function of temperature 7 for (a) twinned in-plane and (b) detwinned
measurements (along the b axis) and (c) along the ¢ axis for various substitution levels as indicated in panel (a). Arrows indicate examples of
the temperature of the magnetostructural transition Ty, and 7" (d) Magnified view of the low-temperature region of (a). (e) and (f) show a
comparison of twinned, detwinned, and c-axis data around the magnetostructural transition temperature for x = 0.18 and 0.25, respectively.

10-15 K. On the other hand, overdoped BaFe;(As.¢7Po.33)2
exhibits sharp, steplike anomalies of «, Cp,, and M at T.. A
possible origin of the broadening in the underdoped samples
will be presented in Sec. IV.

IV. PHASE DIAGRAM

Figure 3 shows the phase diagram compiled from the
present thermodynamic data together with previous work on
resistivity’ of the same system and thermodynamic data for
Co-Bal22 (Refs. 9 and 29), which have been scaled so that
the optimal doping concentrations of both systems coincide.
Tym in the P-substituted system has been determined uniquely
from the c-axis measurements, which we judge to give the
most reliable results because of two reasons. First, the applied
pressure during c-axis measurements is 5—10 times smaller
than for in-plane measurements due to the platelike shape of
the crystals. Second, since c-axis pressure does not directly
couple to the orthorhombic order parameter, the transition
should remain sharp and not turn into a crossover, as for
in-plane pressure.?8-30-31

In underdoped P-Bal22, the bulk 7, obtained from thermal
expansion is lower than 7, inferred from resistivity. Further-
more, the thermodynamic measurements reveal a very steep
slope of T,. This may offer a simple explanation for the
broad superconducting transitions of the underdoped samples
of P-Bal22 (Fig. 2). For a given concentration gradient in the
sample, the width of the transition will be directly related to this

slope. For x = 0.25-0.27, the width of 7, amounts to 10-15 K,
while it is only ~1 K on the overdoped side. This difference
can thus be explained by the roughly 13 times greater slope
of T, on the underdoped side. However, the sharp kinks at 72"
remain unexplained. We note that quite broad superconducting
transitions on the underdoped side have also been reported pre-
viously from resistivity> and susceptibility*> measurements.

We have already noted that the response of the entropy to
uniaxial pressure is very similar for P-Bal22 and Co-Bal22.
Overall, their phase diagrams are also very similar, however,
they also show some differences. First, on the underdoped side,
the bulk 7 rises more steeply in P-Ba122 than in the Co-doped
system. This may be a signature of a stronger competition
between the SDW and the superconducting phase. A steep
rise of the transition line signals that two phases differ little
in entropy so that only a significant increase of temperature
triggers the transition. This means that here, superconductivity
is not much “weaker” than magnetism, and a strong influence
of the two types of order on each other is expected.

A second difference of the phase diagrams of P-Bal22
and Co-Bal22 is that the splitting of the magnetostructural
transition is much smaller or even nonexistent in the P-
substituted system. The reduced magnitude of the splitting may
be explained by less scattering in the P-substituted samples.!?
A reduction of the splitting with decreasing disorder has been
reported previously in the 1111 systems.’® Finally, on the
overdoped side, T, is uniformly higher for P substitution than
for Co substitution, possibly also due to less disorder.
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FIG. 2. (Color online) The superconducting transition of samples
with x = 0.27 (underdoped, left column) and x = 0.33 (overdoped,
right column) seen by different probes. Magnetization [panels (a)
and (b)], specific heat [panels (c) and (d)], and thermal expansion
[panels (e) and (f)] all show a broad superconducting transition
with a sharp onset for the underdoped sample and more standard,
sharp anomalies for the overdoped sample. The lines in panels (c)—(f)
represent idealized second-order transitions.

V. INTERPLAY OF ORTHORHOMBICITY, SDW,
AND SUPERCONDUCTIVITY

In the following, we will use our thermal-expansion
data to study the interplay between structural/magnetic and
superconducting order parameters. As an example, Fig. 4
shows the relative length changes of the x = 0.25 sample.
We note that only the b and the ¢ axes can be measured
directly. The a axis is derived from the difference between
in-plane twinned and detwinned data, and the orthorhombic
order parameter § = (@ — b)/(a + b) (inset of Fig. 4) is derived
from the difference between the a and b axes.

The a and b axis lengths start to differ clearly at the
structural transition, and this difference is directly proportional
to the structural order parameter in this system. There exists a
high-temperature tail to the transition, which arises from the
small applied in-plane pressure of the order of 5-10 MPa.3%3!
Clearly, a and b axes approach each other again below T,
and the orthorhombic order parameter decreases, suggesting
a similar coupling of structural and superconducting order
parameters as observed in Co-Bal22 (Ref. 16). Interestingly,
the c-axis length increases below Ty, and then decreases
below T;, and thus exhibits a very similar behavior as the
in-plane axes. We note that the effect of these transitions on
the volume is very small (see Fig. 4) due to an almost complete
cancellation of the anomalies along the different directions.
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FIG. 3. (Color online) Thermodynamic phase diagrams of P-
Bal22 (lower axis) compiled from the present thermal-expansion
data and of Co-Bal22 (upper axis) scaled so that the maximum
T,’s coincide. Data for Co-Bal22 were obtained from specific-heat
(Ref. 29) and thermal-expansion (Ref. 9) measurements. Also added
are previously published resistivity data (Ref. 5) on the P-Bal22
system (onset of superconducting transition 7" and temperature
where zero resistivity is achieved 7,7°).

In Figs. 5 and 6, we show the temperature-dependent length
changes of the b and c axes, respectively, for different doping
levels. Please note that we do not show the calculated a-axis
data, and thus the orthorhombic order parameter, for all doping
levels because partial detwinning occurred during some of the
twinned measurements, which results in some uncertainty in
this procedure. However, the temperature dependence of § is
also reflected in the (negative) b-axis length since the a and b
axes are found to evolve nearly symmetrically.

The parameter Abyy, defined to quantify the total change
of the b-axis length due to the magnetostructural transition,
is shown in the inset of Fig. 5. Aby, decreases linearly
with P content confirming reliable detwinning. Exceptions
are the samples with x = 0.26 and 0.27. Even though the
transition temperatures are similar, Aby, is much smaller for
these samples and does not follow 7; any more. Possibly,
only a part of the sample undergoes the magnetostructural
transition. Similarly, NMR found evidence that a fraction of a
collection of samples with x = 0.25 does not undergo the SDW
transition.>> Hence, we exclude the samples with x = 0.26
and 0.27 in the analysis of the electronic part of the thermal
expansion (Sec. VI).

The “electronic c-axis length changes” AL® shown in
Fig. 6(b) are obtained by subtracting the x = 1 data as
lattice background using a correction factor to account for the
uncertainties in the measurements.>* We use the x = 1 dataasa
lattice background because pure BaFe, P, does not undergo any
phase transitions and, additionally, the electronic contribution
to its thermal expansion is negligibly small compared to the
effects discussed here.

The coupling between SDW order and superconductivity
can be directly observed in both b-axis and c-axis data shown in
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FIG. 4. (Color online) Relative change of sample length of
the BaFe;(Asg75P25), sample, measured in the twinned (in-plane
average, black line) and detwinned (b axis, red line) configuration and
along the c axis (blue line). The a-axis length (broken purple line) was
estimated from the twinned and detwinned in-plane measurements
and the volume change (green broken line) from the twinned in-plane
and the c-axis measurements. The inset shows the difference of a axis
and b axis. For this sample, Ty, = 48.5 K and 7™ = 16 K.

Figs. 5 and 6. For both axes, the effect of superconductivity is to
reduce the SDW induced distortions in the lattice parameters,
strongly suggesting that both phases coexist and compete with
each other. This is very similar to the direct coupling of the
structural orthorhombic and superconducting order parameters
observed previously in Co-doped Bal22 (Ref. 16). Especially
of interest in our data is that the behavior of AL® also
closely resembles the behavior of the the orthorhombic order
parameter. Although it is not clear how, or if at all, the c-axis
response can be directly linked to the structural/magnetic order
parameters, our results show that the SDW state favors a
longer ¢ axis. Equivalently, compressing the ¢ axis by uniaxial
pressure will destabilize magnetism. This is in agreement with
density functional theory (DFT) calculations under uniaxial
pressure.®> The decrease of the c-axis length upon entering the
superconducting state is thus consistent with a suppression of
magnetism by superconductivity.

Intriguingly, the lattice parameters of the overdoped x =
0.33 sample respond in an opposite way to the onset of
superconductivity as compared to the underdoped samples.
We find that the superconducting state in the absence of static
magnetic order in fact favors a longer ¢ axis in a similar
manner as does the SDW state of underdoped P-Bal22. The
same effect, although much smaller in magnitude, is also seen
for the in-plane dimension: The in-plane length of overdoped
P-Bal22 decreases (slightly) in response to superconductivity,
as does the average in-plane length of the underdoped material
upon entering the SDW state. The similar response of the
lattice parameters to SDW and superconductivity in the
absence of SDW order actually may hint at a kinship of both
ordering phenomena, despite their competitive relationship in
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FIG. 5. (Color online) Relative change of the b-axis length
(in-plane length for the overdoped samples) for various doping
levels. Its shortening signals the magnetostructural transition, and its
increase below T, for the superconducting samples demonstrates the
competition between the orthorhombic phase and superconductivity.
The upper inset shows the data for x = 0.33 on an expanded vertical
scale. The lower inset shows the doping evolution of Aby, as defined
in the main panel. The reference lines for the determination of Aby
(dashed black lines) are a smooth extrapolation. The upper line is
provided by the data for x = 1 scaled with a constant factor.

the coexistence region. In Co-Bal22, this is also suggested by
nearly identical Griineisen-parameters of the two phases.’

Finally, we address the question of microscopic coexis-
tence of magnetism and superconductivity. Dilatometry is a
macroscopic probe, and the 7" dependence of a sample length
can not a priori be equated with the 7 dependence of the
lattice parameters if one has a phase-separated sample. Still,
the close resemblance between our results and the evolution of
lattice parameters of Co-Ba122 observed by x-ray diffraction'®
is most naturally explained by homogeneous coexistence
and competition of magnetism and superconductivity also in
P-Bal22. This is in agreement with recent NMR study>? on P-
Bal22, which also concluded that SDW and superconductivity
coexist microscopically but compete with each other.

1 :
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FIG. 6. (Color online) (a) Relative change of the c-axis length for
various doping levels. Panel (b) shows the data after subtraction of a
background (the data for x = 1 times an individual factor close to 1,
see text and Ref. 34).
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FIG. 7. (Color online) The electronic contribution to the uniaxial thermal-expansion coefficients divided by T, /T, obtained from
subtracting the data of the x = 1 sample as a phonon background (a) in the twinned in-plane measurements, (b) along the orthorhombic b axis
(detwinned in-plane measurements), and (c) along the ¢ axis. Arrows and dashed lines indicate how values of the normal state af' /T(T =0),

which are reported in Fig. 8, are extracted.

VI. UNIAXIAL PRESSURE EFFECTS

For second-order phase transitions, uniaxial pressure
derivatives of the transition temperature d7,/dp; can be
deduced from the jumps of the thermal-expansion coefficient
Ac; and the specific heat AC),. For the overdoped, tetragonal
sample (x = 0.33, T, = 29 K), clear second-order jumps in
the uniaxial thermal-expansion coefficients Ac, = 0.9(2) x
107 K, Aa. = —4.0(5) x 107° K~!, and the specific heat
AC,/T, =38(4)m] mol~! K2 are observed (see Fig. 2). The
magnitude of the specific-heat jump is in good agreement with
data of a recent report by Chaparro et al.’® dT,./dp; can be
calculated via the Ehrenfest relation

dTC o AO[,‘
dp;  "AC,/T.

(1)

where V,, = 59.6 cm’?/mol (Ref. 5) is the molar volume.
The data yield d7./dp, = 1.4(5) K/GPa and dT,/dp. =
—6.3(1.2) K/GPa. The hydrostatic pressure derivative
dT./dp =2dT,/dp, +dT./dp. = —3.5(2.2) K/GPa is in
reasonable agreement with high-pressure experiments®’ which
report an initial slope of d7./dp = —1.8 K/GPa for a sample
with T, = 30.5 K. The same kind of anisotropy and a similar
magnitude of the uniaxial pressure derivatives have been
observed for a slightly overdoped Co-Bal22 crystal.?> The
pressure derivatives on the underdoped side are more difficult
to extract due to the large widths of the transitions. However,
it is clear that the d7,./dp;’s are of opposite sign and by
far larger in magnitude than those of the overdoped sample.
Using the construction for the jumps shown in Fig. 2(e), we
find for the x = 0.27 sample d7./dp.,, = —18(8) K/GPa,
dT./dp, = —44(17) K/GPa, and dT./dp. = 20(8) K/GPa.
Here, p,; refers to an average of pressure along the a and b
axes, as is relevant to the twinned in-plane measurements.
Since AC,, is always positive, the sign of the anomalies in
the «; provide information on the anisotropy of the d7,/dp;
even in the absence of specific-heat data. Strikingly, the
uniaxial pressure derivatives of Ty, have the opposite sign
to the derivatives of 7. for all directions.”* This is again
consistent with a competition between the orthorhombic SDW
phase and superconductivity since pressure will favor either

the SDW or superconducting phase at the expense of the other.
Interestingly, all signs of the derivatives can be accounted for
by identifying uniaxial pressure with a shift in the P content:
stress along the ¢ axis (and a axis on the underdoped side)
corresponds to an increased P content, while stress along the b
axis (averaged in-plane axis) corresponds to a lower P content.
This means that the phase diagram may be tracked (forwards
or backwards) by the application of uniaxial pressure just as
it can be tracked by hydrostatic pressure.” By comparing the
values of d T, /dp; obtained above with the respective slopes in
the phase diagram d 7, /dx = 6.7 K/at.%(P) (underdoped) and
dT./dx = —0.5 K/at.%(P) (overdoped), one can estimate that
increasing the P content by 1 at.% corresponds to a uniaxial
pressure of —0.35 GPa (—0.15 GPa) in the in-plane average
(along the b axis). The lower accuracy of the c-axis data
unfortunately does not allow such a quantitative analysis.

Thermal-expansion data can also be used to obtain in-
formation about the (uniaxial) pressure dependence of the
electronic density of states. For a Fermi liquid, the electronic
thermal expansion divided by 7, of'/ T, is expected to be a
constant oy ; /T = —(1/V,,)dy /dp;, with y the Sommerfeld
coefficient. [This follows directly from o; = —(1/V,,,)dS/dp;
and the electronic specific heat C = y T.] Figure 7 shows the
electronic/magnetic thermal-expansion coefficients afl /T
—dy /dp;, which were obtained from the original data by
subtracting the data for x = 1 as a phonon background using
no correction factor (see Sec. V). With increasing doping,
a sizable contribution from electronic/magnetic degrees of
freedom evolves below the SDW transition for all three crystal
directions. Especially for the x = 0.18 data, this contribution is
nearly independent of temperature up to about 60 K, consistent
with Fermi-liquid-type behavior. This is reminiscent of what
is observed in weak itinerant ferromagnetic systems, such
as MnSi (Ref. 39), and points to an intricate mixing of
highly pressure-dependent electronic and magnetic degrees
of freedom. For x = 0.25, T,, and T, are too close to each
other so that this constant term in o/ T is not seen.

Panel (a) of Fig. 8 shows af!/T(T = 0), obtained by
extrapolating the normal state al.e' /T data to zero, and
corresponding dy /dp; values versus P substitution. There is a
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FIG. 8. (Color online) (a) Values of the electronic thermal
expansivity . ; /T extrapolated to zero temperature. The right-hand
scale shows the corresponding values of dy /dp;. Lines are a guide to
the eye. (b) The Sommerfeld coefficient y obtained by integrating the
smooth lines from (a) (black line) (see text for details). Full squares
indicate directly measured values of y and open squares indicate
values estimated from the measured specific-heat jump (Ref. 36) (see
also Ref. 38).

sharp increase in the magnitude of dy /dp; upon approaching
optimal doping and a sign change when passing to the
overdoped side. The discontinuity of the derivatives dy /dp;
at optimal doping is also suggested from an analogy with
the Co-doped system.”?° We can obtain y as a function of x
from integration of these data if, as before, we equate doping
with pressure. We recall that we can link average in-plane
(c-axis) pressure to a decreased (increased) P content. As
is evident from the sign change then, y(x) has a maximum
at optimal doping. More quantitatively, the proportionality
factors from above [dp,,/dx = —0.35 GPa/at.%(P) and
dpp/dx = —0.15 GPa/at.%(P)] yield values for dy/dx as
a function of doping; for example, dy/dx = 2.4 mJ mol~!
K~2/at.%(P) at x = 0.25. Integration of the smooth lines in
Fig. 8(a) rescaled by this factor results in y(x) shown in
Fig. 8(b). y increases with doping in the underdoped region,
has a sharp maximum at optimal doping, and then decreases
with further doping. Also shown are measured values®® of
y, which agree reasonably well considering the assumptions
and uncertainties of our approach and the uncertainties in the
values of y. The overall behavior of y(x) is very similar to
what has been observed in Co-doped Bal22, where the initial
increase in y was argued to result from the gradual suppression
of the SDW order with Co doping.”?* Clearly, similar physics
is at work in the P-doped system. On the other hand, a sharp
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increase of y would also be expected from the presence of a
quantum critical point close to optimal doping.

VII. CONCLUSIONS

We have studied the isovalently substituted system P-
Bal22 by means of high-resolution thermal-expansion mea-
surements. Using these data, we have determined the phase
diagram via a thermodynamic probe, have studied the coupling
of the SDW and superconducting order parameters, and have
determined various pressure dependencies of the normal and
superconducting states. Overall, we find surprisingly many
similarities between the P-Bal22 thermal-expansion data and
those of the supposedly electron-doped Co-Bal22 system.
Not only the phase diagrams, but also the uniaxial pressure
derivatives of the transition temperatures, as well as the
coupling of the order parameters, turn out to be very similar
in both systems. Both kinds of substitution can also be
directly linked to uniaxial pressure, and both systems display
a maximum of the Sommerfeld coefficient at optimal doping.
This begs the question of why these systems behave so similar,
in spite of the presumably different routes (chemical pressure
versus electron doping) to superconductivity. Recent studies
by Zinth et al.,** in which Bal22 was codoped with both
Co and P, may actually throw some light on this question.
These authors found that Co and P substitutions act in an
additive fashion for suppressing SDW order and inducing
superconductivity, whereas the opposite behavior was found
for Co and K substitutions.*! Further, it was argued that P
content and physical pressure are also additive’ and that the
primary effect of both is to reduce the Fe-As(P) bond length.*
In fact, Co-Bal22 also exhibits a very similar decrease of this
bond length with Co doping,® which may explain why both
kinds of substitutions act in a similar and additive manner.
This may also explain the similarities of the uniaxial pressure
effects determined in both systems using thermal-expansion
data (this work and Ref. 9). Uniaxial pressure applied along
the ¢ axis, which most likely reduces the Fe-As distance and,
as we have shown here, is proportional to P substitution, is
predicted by the Ehrenfest relation to suppress the SDW order
in both systems. This, we note, is in good agreement with
recent theoretical predictions of the pure Bal22 system under
uniaxial pressure.® Finally, we suggest that further detailed
studies of the Fermi surface as a function of (uniaxial) pressure
and doping are needed to better disentangle the distinct roles
of doping and structural changes (i.e., chemical pressure)
in determining the electronic properties of these interesting
materials.
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