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Uniaxial pressure effect on the magnetic ordered moment and transition temperatures
in BaFe,_, T, As, (T = Co,Ni)
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We use neutron diffraction and muon spin relaxation to study the effect of in-plane uniaxial pressure on
the antiferromagnetic (AF) orthorhombic phase in BaFe,As, and its Co- and Ni-substituted members near
optimal superconductivity. In the low-temperature AF ordered state, uniaxial pressure necessary to detwin the
orthorhombic crystals also increases the magnetic ordered moment, reaching an 11% increase under 40 MPa for
BaFe; 9yCog 1 As;, and a 15% increase for BaFe; 9;5Nig os5As,. We also observe an increase of the AF ordering
temperature (7 ) of about 0.25 K/MPa in all compounds, consistent with density functional theory calculations
that reveal better Fermi surface nesting for itinerant electrons under uniaxial pressure. The doping dependence
of the magnetic ordered moment is captured by combining dynamical mean field theory with density functional
theory, suggesting that the pressure-induced moment increase near optimal superconductivity is closely related
to quantum fluctuations and the nearby electronic nematic phase.
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Understanding the behavior of magnetism in iron super-
conductors continues to be an important topic in modern con-
densed matter physics because spin excitations may mediate
electron pairing for high-temperature superconductivity [1-7].
Some of the earliest work in this field determined that iron
pnictides such as LaFeAsO [1,2] and BaFe,As, [Figs. 1(a)
and 1(b)] [3-5] form static stripe antiferromagnetic (AF) order
at Ty, preceded by a tetragonal-to-orthorhombic structural
transition of the lattice at 7T, (Ty < Ty, < 300 K). While AF
order may be a spin-density wave (SDW) from nesting of
hole and electron Fermi surfaces at the I' and X points in
the one-iron Brillouin zone [Figs. 1(c) and 1(d)], respectively
[8-11], it may also originate from localized moments on
individual Fe sites [12—15].

Upon hole doping to form Ba;_,Na,Fe,As,, a magnet-
ically ordered state with restored tetragonal symmetry is
found near optimal superconductivity, replacing the stripe AF
ordered state [16,17]. Mossbauer spectroscopy experiments
find real-space modulation of magnetic moments on Fe sites,
thus conclusively establishing that the magnetic order with
tetragonal symmetry is a SDW from itinerant electrons [18].
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For electron-doped BaFe,_, T As, (T = Co, Ni), long-range
commensurate stripe magnetic order in BaFe,As, evolves
into short-range incommensurate magnetic order near optimal
superconductivity [19,20], due possibly to a SDW order [19]
or a cluster spin glass [21-23]. While these results suggest
a rich variety of magnetic ground states for superconducting
iron pnictides, nematic order has recently been identified as a
unifying feature near optimal superconductivity, seen via the
resistivity anisotropy induced by in-plane mechanical strain
[24]. Since nematic order couples linearly to anisotropic strain
of the same symmetry [25,26], a determination of the effect of
uniaxial pressure on magnetism of iron pnictides should reveal
if the observed nematic susceptibility [24] is associated with
magnetic order and spin excitations.

Without uniaxial strain, BaFe, ,T,As, forms twinned
domains in the orthorhombic state, with AF Bragg reflections
occurring at (+1,0,L) and (0,£1,L) (L = 1,3,5,...) [7].
Uniaxial pressure has been used to mechanically detwin single
crystals by compressing along one axis of the orthorhombic
lattice, creating a preferred orientation for microscopic do-
mains [27-29]. However, even the modest amount of pressure
necessary for detwinning (~10 MPa) also induces a significant
(~1-2 K) upward shift of Ty in electron-doped BaFe,As;
[30-34], and changes T; into a crossover with orthorhombic
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FIG. 1. (a), (b) Real-space and Q-space configurations in the AF state, showing the majority-domain Bragg reflections Qgyong = (£1,0)
in red dots for pressure applied along the b axis, and the minority-domain Bragg reflections Qyex = (0,2£1) as blue dots. (c¢), (d) Schematic
illustration of the uniaxial-pressure-induced Fermi surface distortion parallel to the ab plane (at k, = 0.3757/c) for (c) BaFe,As, and (d)
BaFe, 9;5Nig0gsAs,. Arrows indicate the direction of distortion in this k, plane for the uniaxially strained case, which is much smaller than
the thickness of the markers. Coloring shows the dominant orbital character as indicated in the inset. (¢) Experimental phase diagram of
BaFe,_,Ni,As, [47]. (f) Electron-doping dependence of the ordered magnetic moment with (M, red) and without (M, purple) uniaxial
pressure obtained from a combined DFT/DMFT calculation. The inset shows § = (a — b)/(a + b) dependence of M /M, at x = 0, 0.05, and
0.1. (g) Theoretical/experimental results demonstrating the enhancement of AM /M as M decreases on approaching optimal doping [11].
(h) Enhancement of ATy /Ty, as Ty decreases on approaching optimal doping.

lattice distortion at all temperatures [35]. One study combining
a phenomenological Ginsburg-Landau model with density
functional theory (DFT) calculations under uniaxial strain
suggests that the magnetic ordered moment of BaFe,As;
decreases under pressure [36]. While previous neutron scat-
tering experiments suggested this to be the case [30,31], only
(£1,0,L) was measured and it is unclear how the combined
magnetic signal at (£1,0,L) and (0, £1, L) evolve with applied
pressure. Moreover, the bulk-averaged nature of neutron
measurements cannot distinguish a change in magnetic volume
fraction from a changing ordered moment. To conclusively
determine the effect of uniaxial strain on magnetic order, one
must combine neutron scattering with a probe such as muon
spin relaxation (uSR) [37,38].

In this Rapid Communication, we use neutron diffraction,
1SR, and combined DFT and dynamical mean field theory
(DMFT) calculations [Figs. 1(f)-1(h)] [39,40] to study the
effect of uniaxial pressure on the AF phase transition in
BaFe,_,T,As,. In BaFe,As,, the sample achieves nearly
100% detwinning for pressures above ~10 MPa [Fig. 2(b)],
while the ordered magnetic moment remains constant or re-
duces very slightly, resulting in a doubling of the neutron mag-
netic scattering intensity [Fig. 2(a)] from the majority-domain
Bragg reflections Qgyong = (£1,0) and elimination of mag-

netic scattering from the minority domains Qe = (0,£1)
[Figs. 2(c) and 2(d)]. By contrast, in BaFe; 915Nig ggsAs,, the
scattering intensity at Qsyong = (£1,0) more than doubles for
pressures greater than ~30 MPa [Fig. 3(a)]. We also use
1SR to show the magnetic volume fraction is not changing
while the internal magnetic field at the muon site is increasing,
conclusively establishing that the magnetic ordered moment
is increasing under uniaxial strain. We also find the magnetic
ordering temperature for different iron pnictides [20] increases
at approximately the same rate T,f,P) - T](\,PZO) ~ 0.24 K/MPa
[Figs. 2(f) and 3(b)], consistent with our DFT calculations
of the nesting condition under pressure [11]. Our uSR
measurements also demonstrate that the AF phase transition
is broadened, indicating that the internal uniaxial strain has a
distribution for a nominally constant induced stress.

For our combined DFT and DMFT calculations in the
collinear AF state, we use the experimental crystal structure
and the same Coulomb interactions used previously for
BaFe;As, [39,40]. We find that uniaxial strain does indeed
enhance the ordered moment for BaFe; 9;5Nig ggsAs, (Fig. 3),
and that the effect becomes larger for samples close to optimal
superconductivity. The inset in Fig. 1(f) shows the dependence
of the ordered magnetic moment on doping (x) and distortion
[6 = (a — b)/(a + b)], which supports a much larger increase
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FIG. 2. (a) Intensity change of the Qgyong = (1,0,5) peak with
uniaxial pressure on BaFe,As, at IN8. (b) Detwinning ratio n =
(Tstrong — Tweak)/ Usirong + Iweax) for both HB-1A and IN8 experiments,
and the total intensity (circles) Igrong + Iweak at IN8 which remains
conserved, up to small corrections that we attribute to the extinction
effect. (c), (d) Rocking curves at (1,0,5) and (0,1,5) measured at IN8
at T = 90 K, demonstrating nearly 100% detwinning above 10 MPa.
The solid lines are fits to a single Gaussian peak. (e) Temperature
dependence of Qgyong = (1,0,1) on warming. For clarity, the vertical
scale of each scan has been slightly adjusted to represent the total
magnetic scattering intensity, using the integrated intensity of a
rocking scan measured immediately prior to warming. (f) Shift in
AF ordering temperature ATy = 71,7 — T\~ (T ~ 140 K)
for BaFe,As, [11].

of the magnetic moment in the doped compounds for fixed
8 = 0.38%, corresponding to about 30 MPa in the parent
compound. In Fig. 1(f), we fix the distortion § = 0.0013 cor-
responding to about 10 MPa in the parent compound [35], and
plot the ordered moment with (M at @ > b) and without uni-
axial pressure (M, at a = b). Using these results, in Fig. 1(g)
we define a susceptibility x = [(M — My)/(M + My)]l/
[(@ — b)/(a + b)], which is small in the parent compound but
shows diverging behavior near x = 0.1 (dashed line). Because
fixing the distortion § = 0.0013 corresponds to a greater
applied uniaxial pressure for the doped samples due to the
larger bulk modulus in those compounds [26], the overplotted
experimental points from neutron and SR measurements may
underestimate the moment increase relative to the calculated
points. Nevertheless, we find a clear similarity between the the-
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FIG. 3. (a) Intensity change of Qyong = (1,0,3) with uniaxial
pressure on BaFe; ;5NigossAs, at HB-1A. (b) Shift in AF ordering
temperature ATy = T,f,P) - T,f,P=0) (T;,on) ~ 35 K). (c) Rocking
curves at Qgrong = (1,0,3), T =20 K, measured at HB-1A in the
[H,0,L] scattering plane. (d) Temperature scans at HB-1A. The
dashed line indicates the superconducting region (7,#*MP) — 7O ~
—3 K) [11]. (e) Temperature dependence of the magnetic scattering
intensity at Qgong = (1,0,3) and Queax = (0,1,3) with and without
pressure, measured in situ at BT-7. (f) Combined rocking scans at
(1,0,3) and (0,1,3). Data at 60 K have been subtracted from each Q
position before combining the data. (g) Fast muon relaxation rate A
[11]. (h) Fast-relaxing fraction V), demonstrating constant magnetic
sample volume for all pressures below 35 K.

oretical and experimental results, implying that the divergence
of the nematic susceptibility [24] has a magnetic origin.
Figure 1(e) shows the schematic phase diagram of
BaFe,_,Ni,As,, where Figs. 1(a) and 1(b) show the AF
unit cell and Bragg peak positions in reciprocal space,
respectively [7]. By gradually applying uniaxial pressure
along the b-axis direction of the orthorhombic structure, the
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sample becomes increasingly detwinned, which enhances the
Qswong = (££1,0) Bragg peak while the Qyeax = (0,%1) peaks
become extinguished [red and blue dots in Fig. 1(b)] [30-33].
The striped brown boxes in Figs. 1(a) and 1(b) represent the
low-temperature magnetic unit cell and its equivalent area in Q
space, while in green we show the configurations for a single
Feion [11].

Figure 2 summarizes our experimental results on the
uniaxial pressure effect in BaFe,As,. In Figs. 2(c) and 2(d),
we show how the Bragg peak intensity becomes redistributed
from the weak side [Qyeak = (0,£1,L)] to the strong side
[Qstrong = (£1,0, L)], resulting in a near doubling of the strong
reflection intensity [Fig. 2(a)] while the total intensity remains
conserved [Fig. 2(b)]. Consistent with earlier work [30,31], we
find that pressure both enhances and broadens the magnetic
phase transition. The rocking curves [Figs. 2(c) and 2(d)]
at (1,0,5) and (0,1,5) were collected at IN8 at 90 K [34].
The pressure dependence of the detwinning ratio, defined
as n = (1o — Io1)/(I10 + lo1), and total scattering intensity
Liots = (Z1o + Lo1)/(L10 + Io1) p=o from both experiments are
also included in Fig. 2(b), which shows a very small re-
duction in I between O and 5 MPa. Figures 2(e) and
2(f) show the effect of pressure on the magnetic ordering
temperature [11].

Figure 3 summarizes the uniaxial pressure dependence in
BaFe, 9;5Nig 0g5As;. In a twinned sample, the elastic magnetic
scattering intensity at (1,0,3) should be equal to that at (0, 1,3),
ignoring absorption and other instrumentation effects [11].
If magnetic moments do not react to the applied uniaxial
pressure, one would expect the scattering intensity for a fully
detwinned sample to at most double at the (1,0,3) position,
such as in Fig. 2(a) for BaFe,As,. Figure 3(a) shows this is
not the case: The scattering intensity at 20 K rises by a factor
of ~2.5 from 0 to 40 MPa. Considering the detwinning effect,
this corresponds to a 25% increase in the scattering cross
section, which is proportional to the squared magnetic ordered
moment (M?). Figures 3(c) and 3(d) show the temperature
dependence of the strong Bragg reflection, measured in the
[H,0,0] x [0,0,L] scattering plane, which decreases below
20 K due to the onset of superconductivity [41,42]. There is
also a slight decrease in 7, under uniaxial pressure [11,43].
Figures 3(e) and 3(f) show that the combined scattering from
Qsrong and Qo nearly doubles in intensity from zero to
large uniaxial pressure (>50 MPa) [11]. Using these data
and the measured magnetic moment of M = 0.08u p/Fe for
BaFe 9;5Nig 0g5As, [20], we estimate an increase in magnetic
moment from 0.08 g/Fe to 0.092u g/Fe.

To disentangle the magnetic volume fraction from the
ordered moment in BaFe, 9;5Nig0gsAs,, we carried out ©SR
measurements using the same crystal and under the same con-
ditions [11]. We implanted muons with the spin polarization
along the sample a axis and observed fast relaxation due to
a buildup of the static internal magnetic field. From the zero
field (ZF)-uSR time spectra in Ref. [11], we obtained the fast
relaxation rate A in Fig. 3(g), which is linearly proportional
to the size of the local static magnetic moment (M), together
with the volume fraction V), of magnetically ordered regions
in Fig. 3(h). In addition to confirming the pressure-induced
Tn increase [Fig. 1(h)], we find that the relaxation rates
at T =20 K and T =3 K exhibit a ~10%-20% increase
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FIG. 4. (a) Increase of the oscillation frequency in the fast-
relaxing portion of the muon decay asymmetry, for 7 =2 K
(superconducting), 25 K, and 45 K for BaFe;¢Cog As, [11].
(b) Muon decay asymmetry at 25 K as a function of uniaxial pressure.
The fraction of muons remaining polarized in this short-time window
are those landing in the nonmagnetic sample holder. (c) Fast-relaxing
fraction of muons in a 30 G transverse magnetic field, demonstrating
a constant magnetic sample volume below Ty = 65 K, as well as a
broadening of the magnetic transition under pressure and an increase
in Ty. (d) Data in (a) plotted as an order parameter.

from 2.5 to 40 MPa [11], and see a decreasing trend in A
below T,.. These uSR results are consistent with the neutron
results, where the ~25% increase from 2.5 to 40 MPa (after
detwinning is considered) is seen in the scattering intensity
[Fig. 3(a)], proportional to M?2. The fraction of the sample
exhibiting magnetic order [Fig. 3(h)] is essentially 100% below
T = 35 K with no dependence on uniaxial pressure, while it
is slightly larger and broader in the region 30 < T < 50 K
under pressure, consistent with the results of neutron scattering
[Figs. 2(e), 3(d), 3(f), and 3(g)] [30,31].

We carried out similar pSR measurements on
BaFe; 9Cog1Asy (Ty =70 K). In a ZF environment, we
observe oscillations in the time spectra that indicate the
presence of long-range order, different from the spectra in
BaFe, 915Nig0g5As, [11] where the larger doping leads to sig-
nificantly disordered magnetism [35,37,38,44—46]. Assuming
two muon stopping sites in BaFe,_,Co,As, [45], we fit the
short-time coherent relaxation with a two-cosine function,
separately fitting both frequencies for each temperature and
uniaxial pressure, while globally constraining the other free
parameters such as relaxation rates [11]. Figure 4(a) shows the
uniaxial pressure evolution of the fast cosine frequency in the
muon decay time spectra [Fig. 4(b)] for several temperatures.
Although 2 K is below T, the magnetic field increases at
least as much as at 25 K, indicating that the magnetic phase
may not be fully saturated at 25 K. To measure the magnetic
volume fraction [Fig. 4(c)], we apply a weak (30 G) external
magnetic field in order to clearly distinguish the fast-relaxing
component from the long paramagnetic oscillations. The
ordered phase volume saturates below ~65 K for all pressures,
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while for higher temperatures the magnetic transition is
broadened significantly for BaFe; ¢Cog As, as it was with
BaFe 915Nig.035Asz [Fig. 3(h)].

As the doping increases and the ordered magnetic mo-
ment correspondingly decreases, it is natural to expect that
quantum fluctuations, including those related to a nematic
quantum critical point [24], become important. Here we have
demonstrated that an in-plane symmetry-breaking field is more
effective in enhancing the ordered magnetic moment for nearly
optimally doped iron pnictides. The corresponding decrease in
T, is consistent with the view that by slightly increasing the
orthorhombicity, the doped system effectively shifts leftward
on the phase diagram (toward the parent compound), and
demonstrates that in-plane lattice distortion is a mechanism by
which magnetism directly competes with superconductivity.
Since the doped compounds react much more sensitively to
uniaxial pressure, the enhanced magnetic properties demon-
strate the sensitivity of magnetism to quantum fluctuations near
optimal superconductivity, suggesting that nematic order is
associated with both magnetism and optimal superconductivity
in iron pnictides [24,25].
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