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The physical properties of itinerant antiferromagnetic (AFM) SrCr,As, with body-centered tetragonal
ThCr,Si, structure were investigated in single crystalline and polycrystalline forms by electrical resistivity p,
heat capacity C,, magnetic susceptibility x versus temperature T, and magnetization M versus applied magnetic
field H isotherm measurements as well as "> As and >>Cr nuclear magnetic resonance (NMR) measurements in the
wide temperature range T = 1.6-900 K. From the x(7') and >As NMR measurements, the G-type AFM state
below Ty = 615(15) K has been determined, consistent with the previous neutron-diffraction measurements.
Direct evidence of magnetic ordering of the Cr spins was shown by the observation of the *Cr NMR spectrum
under H = 0. From the x (7)) measurements on single-crystal SrCr,As, under the two different magnetic field
directions H || ab and H || ¢ in the AFM state, the Cr ordered moments are shown to align along the ¢ axis
in the G-type AFM state. The metallic state is directly evidenced by the p, C,, and NMR measurements, and
the density of states at the Fermi energy D(Er) in the AFM state is estimated to be 7.53 states/eV f.u. for both
spin directions which is almost twice the bare D(Eg) estimated from first-principles calculations, suggesting an
enhancement of the conduction-carrier mass by a factor of two in the AFM state. The D(EF) is found to be nearly
constant below at least 100 K and is independent of H. The p(T) is found to show T -linear behavior above
Tx and exhibits positive curvature below Ty where significant loss of spin-disorder scattering upon magnetic
ordering is observed. The resistivity anisotropy of the compound remains moderate p./p, ~ 9 through most of
the magnetically ordered phase but shows a rapid increase below 50 K.

DOLI: 10.1103/PhysRevB.105.134408

I. INTRODUCTION

Since the discovery of high 7; superconductivity in iron
pnictides [1], the interplay between electron correlations and
unconventional superconductivity (SC) has attracted much
interest. In most of the Fe-based superconductors (FBSC),
the parent materials are metallic and exhibit antiferromagnetic
(AFM) ordering below the Néel temperature 7y [2—4]. SC
in these compounds emerges upon suppression of the AFM
phase by the application of pressure and/or chemical sub-
stitution. Because of the proximity between the magnetically
ordered and SC phases, the effects of electron correlations on
the appearance of SC are naturally considered to be important.

The role of the electron correlations can be investigated
by varying the 3d transition-metal elements since electron
correlations could be caused by strong Hund’s exchange in-
teractions for 3d electrons. In the case of 3d° configurations,
the half-filled 3d electron shells will lead to a Mott insu-
lating state. For example, an insulating state is observed in
BaMn,As; [Mn>" (S = 5 /2, 3d”)] which exhibits an AFM
state below a high Néel temperature Ty = 625 K [5,6]. For
FBSCs such as AFe;As; (A = Sr, Ba, Ca), a nearly 3d°
electron configuration (S = 2) is expected for the Fe ions in the
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metallic state. On the other hand, 3d* electron configurations
are expected for Cr*" ions in Cr-based compounds such as
A?*Cr,As,. This is an interesting system since a 3d* electron
configuration (S = 2) can be considered as a mirror of the 3d°
electron configuration for Fe?>* ions in the parent materials
of FBSC such as A%>*Fe,As, with respect to the 3d° electron
configuration.

Recent theoretical proposals for the possible appear-
ance of superconductivity in Cr-based compounds such
as electron-doped LaOCrAs [7,8] and negative-pressurized
and/or electron-doped BaCr,As; [9] as well as the discov-
ery of SC in CrAs under pressure [10,11], and in A>Cr3As;
(A = Na, K, Rb, Cs) [12-15] and ACr3As; (A = K, Rb)
[16] also lead to further interest in investigating Cr-based
compounds. BaCr;As,, one of the ACrAs; systems with the
body-centered tetragonal ThCr,Si,-type structure, is a metal-
lic G-type antiferromagnet with a Néel temperature Ty ~
580(10) K with a Cr ordered moment of 1.9 up/Cr aligned
along the ¢ axis [17]. A reduction in electron correlations
in BaCryAs; in comparison with the half-filled 3d° case
has been reported from angle-resolved photoemission spec-
troscopy (ARPES) measurements [18,19], where a stronger
Cr-As covalency relative to the Fe-based SCs was suggested
to be an important factor in the appearance of SC. The
isostructural compound SrCr; As; has been reported to exhibit
the same G-type AFM ordering with Cr ordered moments
1.9 ug/Cr (see Fig. 1) below Ty = 590(5) K from neutron
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FIG. 1. Crystal and G-type magnetic structures of SrCr, As,. The
arrows represent the direction of the Cr ordered moments in the
antiferromagnetic state. After Ref. [20].

diffraction (ND) and magnetic susceptibility versus temper-
ature x (T) measurements on polycrystalline samples [20].
Although the reduction of the Cr ordered moments of 1.9
wg/Cr from 4 g /Cr expected for a localized state of Cr** ion
in SrCr, As, suggests an itinerant nature [20], there is no direct
experimental evidence of a metallic state in the compound.

No electrical resistivity p(7') study has been reported on
SrCr,As; in either polycrystalline or single crystalline forms.
Even for the isostractrual compound BaCr; As,, little is known
about the behavior of p(7'). In-plane resistivity measurements
were made up to 300 K in BaCr,As; [17,19], and found a
notably nonlinear temperature dependence. Because of the
high magnetic ordering temperature ~600 K, these measure-
ments merely cover half of 7y. The resistivity change through
the magnetic transition provides an important insight into
the changes of the Fermi surface due to magnetic superzone
boundaries and the contribution of magnetic scattering, so
getting this information is important. In addition, there is no
information on the anisotropy of p(7') in these compounds.
Therefore it is important to obtain the information of not
only in-plane but also interpane p(7) up to higher temper-
ature above Ty in SrCryAs,. Furthermore, no measurements
such as heat capacity C, and magnetization M versus applied
magnetic field H isotherm measurements to characterize the
physical properties of SrCrAs, have been reported so far,
although recently a Raman spectroscopy study on single crys-
talline SrCr; As; has been performed [21].

In this paper, we report a comprehensive study of both
polycrystalline and single crystalline SrCryAs; in a wide tem-
perature range from 1.6 to 900 K from p, M, G, and nuclear
magnetic resonance (NMR) measurements. After the descrip-
tion of the experimental details in Sec. II, we first show the
results of x-ray diffraction measurements on a polycrystalline
sample in Sec. III A. Then the results of x(7') and M(H)
measurements are reported in Sec. IIIB. In Sec. IIIC, the
C,(T') data are presented. The results of the in-planer and
interplane electrical resistivities of SrCr,As, are discussed in
Sec. INI D. The results of >As and >*Cr NMR measurements
are shown in Sec. III E. Finally summary of our results is given
in Sec. IV.

II. EXPERIMENTAL DETAILS

A polycrystalline sample of SrCrpAs, was prepared by
conventional solid-state reaction using high-purity Sr (Sigma
Aldrich, 99.95%), Cr (Alfa Aesar, 99.99%) and As (Alfa
Aesar, 99.999 99%). Dendritic Sr pieces were taken with
prereacted CrAs in the molar ratio Sr:CrAs = 1.05:2. The ad-
ditional amount of Sr was to compensate for the loss of Sr due
to evaporation and to reduce the presence of CrAs impurity
phase. The Sr and CrAs mixture was pelletized and loaded
into an alumina crucible followed by sealing in an evacu-
ated silica tube under ~1/4 atm of high-purity Ar gas. The
assembly was then heated to 900 °C at the rate of 100°C/h
and held there for 48 h followed by furnace cooling to room
temperature. The heat-treated pellet was then reground inside
a He-filled glove box and pelletized again for an additional
heat treatment as just described. In order to ensure homoge-
neous phase formation, this process was repeated once more
with intermediate grinding. Finally, the sample was heated to
1150°C at a rate of 100°C/h and annealed there for 48 h
followed by furnace cooling.

Room-temperature powder x-ray diffraction (XRD) mea-
surements on the powdered polycrystalline sample were
carried out using a Rigaku Geigerflex x-ray diffractometer
with Cu-K, radiation. Structural analysis was performed by
Rietveld refinement using the FULLPROF software package
[22].

Single crystals of SrCr,As, were grown by the solution-
growth technique using Sn flux with a molar ratio
Sr:Cr:As:Sn = 1.1:2:2:10. The starting elements described
above were loaded into an alumina crucible which was then
sealed in a silica tube under & 1/4 atm of high-purity Ar gas.
The sealed tube was then heated to 600 °C at a rate of 50 °C/h
where the temperature was held for 6 h. The temperature was
then ramped to 1100 °C at a rate of 100°C/h and held there
for 20 h. The assembly was then cooled to 500 °C at a rate
of 3°C/h where it was centrifuged to remove the crystals
from the remaining flux. Shiny crystal plates with typical
dimensions 2 x 2 x 0.2 mm? were obtained.

The chemical composition and homogeneity of the crystals
were checked using a JEOL scanning-electron microscope
(SEM) equipped with an energy-dispersive x-ray spec-
troscopy (EDS) analyzer. M measurements were carried out
using a Magnetic Property Measurement System from Quan-
tum Design, Inc., in the T range 1.8-300 K and with H up to
5.5 T (1 T = 10* Oe). The high-temperature M measurements
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from 300 to 900 K were performed using the vibrating-sample
magnetometer option for a Physical Property Measurement
System (PPMS, Quantum Design, Inc.). The C, and four-
probe p measurements were carried out using the PPMS. The
C,(H, T') was measured using a relaxation technique.

Samples for resistivity study were prepared from thin
slabs, cleaved out of the crystal with two fresh surfaces
corresponding to the tetragonal ab plane. For four-probe in-
plane resistivity measurements, the bar-shaped samples were
cleaved with the long side corresponding to the tetragonal
a axis with typical dimensions 2 x 0.3 x 0.05 mm?. For
measurements in the range 1.8 to 400 K, contacts to the
samples were prepared by soldering 50-um diameter silver
wires using tin as solder, a technique also used for creating
contacts to iron-based superconductors [23—-25]. The contact
resistance for SrCrp,As,-Sn contacts turned out to be simi-
larly low, several w€2, enabling two-probe interplane c-axis
resistivity measurements (see Refs. [23,26] for details). The
samples for interplane resistivity measurements were plate-
shaped (typically 0.05 mm thick with 0.5 x 0.5 mm? area)
and their top and bottom surfaces were covered with Sn and
two silver wires attached acting as current and voltage probes
in the four-probe resistivity measurements. The actual resis-
tance measured in this experiment is a sum of sample and
contact resistances, with the contact resistance representing
approximately 1% of the measured resistance. Measurements
in samples with the length along the current path significantly
smaller than the cross-sectional dimensions suffer grossly
from internal sample connectivity. Because of this, measure-
ments were performed on more than 20 samples to verify
reproducibility.

Whereas the PPMS measurements were performed in the
temperature range 1.8 to 400 K, high-temperature resistivity
measurements up to 700 K were performed in a homemade
fixture placed in a vacuum furnace. A platinum resistance
thermometer PT-100 was used for temperature readings. Con-
tacts to the sample were made with conducting silver paste,
with typical contact resistances in the 1-2 range. Four-probe
resistivity measurements were made using an LS372 resis-
tance bridge. For the sake of comparison we measured the
resistivity of a nickel wire in the same home-made furnace
setup. The wire was of 99.95% purity from Alfa Aesar. We
found reasonable coincidence of the ferromagnetic transition
temperature with the literature data [27], confirming the accu-
racy of the temperature readings (see the left inset in Fig. 8
below).

NMR measurements of As (I = 3, 2 = 7.2919 MHz/T,

Q =0.29 barns) and Cr (I = 3, & =2.40664 MHz/T,
0O = 0.03 barns) nuclei were conducted using a laboratory-
built phase-coherent spin-echo pulse spectrometer in a wide
temperature range 1.6-630 K. For T > 300 K, ”As NMR
spectra were measured in steps of resonance frequency f
by measuring the intensity of the Hahn spin echo at H =
7.4089 T. For T < 300 K, > As NMR spectra were obtained
by sweeping H at a fixed frequency f = 51.1 MHz. The
3Cr NMR spectrum at 7 = 1.6 K was measured in steps
of f by measuring the intensity of the Hahn spin echo at
H = 0. The "> As nuclear spin-lattice relaxation rate 1/7; was
measured with a saturation-recovery method. 1/7} at each T
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FIG. 2. X-ray diffraction pattern for polycrystalline SrCr,As,
obtained using a Rigaku powder diffractometer and Cu-K,, radiation.
The observed data are shown by filled red circles, the allowed Bragg
diffraction positions as vertical green bars, Cr, As impurity peaks as
vertical orange bars, CrAs impurity peaks as vertical pink bars, the
three-phase fit by the black curve, and the difference between the
observed data and the two-phase refinement as the bottom blue trace.

was determined by fitting the nuclear magnetization M ver-
sus time ¢ using the exponential function 1 — M(¢)/M(c0) =
0.1e*/T 4 0.9¢=%/Ti where M(t) and M (0o) are the nuclear
magnetization at time ¢ after saturation and the equilibrium
nuclear magnetization at t — 00, respectively.

III. RESULTS AND DISCUSSION

A. Structural characterization

The room-temperature XRD pattern of the polycrystalline
SrCr;,As; sample is shown in Fig. 2. The intense peaks could
be indexed with the ThCr;,Si,-type crystal structure with lat-
tice parameters a = b = 3.87(4)A and ¢ = 12.89(2) A. For
comparison, previously reported room-temperature lattice pa-
rameters are a = 3.918(3) A and ¢ = 13.05(1) A [28]. The
additional contributions to the x-ray diffraction pattern from
minor amounts of CrAs (1.0 wt%) and Cr,As (5.3 wt%) are
shown by the three-phase refinement in Fig. 2. However, the
magnetic contributions from these two impurity phases are
negligible and do not alter the observed intrinsic magnetic
behavior of polycrystalline SrCr, As, as reported earlier using
neutron diffraction measurements [20]. The SEM-EDS mea-
surements of the single crystals revealed good homogeneity
with the average composition SrCry 03(2)As2.04(4).-

B. Magnetic susceptibility and isothermal magnetization versus
magnetic field measurements

The T dependence of the zero-field-cooled (ZFC) mag-
netic susceptibility x = M/H for polycrystalline SrCr,As;
measured in different magnetic fields is shown in Fig. 3(a).
There is no evidence for the first-order antiferromagnetic/
paramagnetic transition in the CrAs impurity phase [29,30]
at 258 K. In addition, the direction-averaged y of CrAs is
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FIG. 3. (a) Temperature T dependence of the magnetic suscepti-
bility x = M/H for polycrystalline SrCr,As, measured at different
magnetic fields H. The low-T upturns are likely associated with
minor amounts of paramagnetic impurities that are suppressed at
the higher fields. (b) d(xT)/dT vs T obtained using the data for
H = 0.1 Tin (a). The peak in the plot gives the Néel temperature [31]
Ty = 615(15) K as indicated by an arrow. (c) Anisotropy in x (") for
a SrCr,As, crystal measured at different fields for both H || ab and
H | c.

only 5.5 and 7.4 x 10~*cm?/mol for T — 0 and 300 K,
respectively [30], which when multiplied by the small CrAs
fraction of the sample is small compared to the measured
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FIG. 4. Four-quadrant M (H ) hysteresis loops measured at T =
2 K for single crystalline SrCr,As; in two field directions and for
polycrystalline SrCr,As,. Inset: Expanded low-H region where the
same weak nonlinearity is observed for the polycrystalline sample
and in M,,(H) for the single crystal. Extrapolation of the higher-
field data to H = 0 (solid green lines) gives a FM or PM impurity
magnetization of ~3 G cm?/mol = 0.0005 g /f.u. for both the poly-
crystalline and single-crystal samples.

polycrystalline data in Fig. 3(a). Additionally, the x(7") data
exhibit a small upturn below ~35 K that is likely due to the
contribution of paramagnetic (PM) impurities. This contribu-
tion tends to saturate at high H as expected.

A plot of d(xT)/dT versus T obtained from the data for
H =0.1 T in Fig. 3(a) is shown in Fig. 3(b). The peak in
this plot (the Fisher relation [31]) gives the Néel temperature
Tn = 615(15) K. This value agrees with Ty = 590(5) K ob-
tained in previous ND measurements of SrCr,As, which also
showed that the ordering of the itinerant Cr moments is G-type
with the moments aligned along the tetragonal ¢ axis [20].
The broad increase in x (T') for T > Ty in Fig. 3(a) is charac-
teristic of two-dimensional AFM correlations persisting well
above Ty in this itinerant antiferromagnet, similar to previ-
ous reports for the 122-type local-moment pnictide insulators
SrMn,As,, CaMn,As,, StMn,Sb,, StMn,Sb,, CaMn,P,, and
SI‘MHQPQ [32—34]

Figure 3(c) shows the ZFC y (T) data of a SrCr,As, single
crystal in the 7 range 2-300 K measured at different fields
applied in the ab plane (x,5) and along the ¢ axis (x.). The
x(T) data are strongly anisotropic with x, > x. and xu
shows a weak T dependence, as expected for a collinear
antiferromagnet with c-axis moment alignment. The field-
dependent anisotropy of x, is likely due to a trace amount
of ferromagnetic (FM) or PM impurity as discussed below.
The x.(T) is also discussed below.

M (H) hysteresis loops measured at 7 = 2 K for polycrys-
talline and single-crystal SrCryAs, are shown in Fig. 4. No
magnetic hysteresis is found in either form of the material for
either field direction. However, a weak negative curvature in
the low-field M (H ) data for the polycrystalline sample and the
M ,;,(H) data for the single crystal is observed (inset of Fig. 4),
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FIG. 5. M(H) isotherms for a SrCr,As, single crystal at different
temperatures for (a) H || ab and (b) H || c.

which is likely associated with the contribution of FM or
of PM impurities detected in the above y (7') measurements.
At higher fields this contribution saturates. The saturation
magnetization of the impurities is estimated by extrapolating
the linear high-field M (H) data to H = 0 and is found to be
only ~3 G cm?/mol ~0.0005 ug/f.u., where ug is the Bohr
magneton and f.u. means formula unit.

Figures 5(a) and 5(b) show M(H) isotherms of single-
crystal SrCryAs, measured at different temperatures for H ||
ab and H | c, respectively. The M(H) data for H || ab are
almost independent of T, whereas that for H || ¢ is weakly
T dependent, consistent with the x (7") data in Fig. 3(c).

According to the first-principles calculations in Ref. [35],
the magnetocrystalline anisotropy energy (MAE) favors
c-axis moment alignment by an amount

MAE([001] — [100]) = —0.20 meV/Cratom, (1)

consistent with the c-axis AFM ordering. Taking the observed
ordered moment u = 1.9 ug/Cr atom from Ref. [20], in a
c-axis magnetic field the spin-flop transition field Hsp at T =

2.0} T=2K i
—=— ab plane
[ —e—c axis
1.5H \.\ —a— polycrystal |
1 .\ x.l"“lI~.—l—l—I—I—I—l——l~._.—l—l—l—l——l—l—.—l_
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FIG. 6. Field derivative dM/dH vs H obtained from the M (H)
data at T = 2 K for SrCr,As; in Fig. 4.

0 is calculated to be

MAE
22

The M(H,T =2K) data for H || ¢ in Fig. 5(b) show no
evidence for a spin-flop transition at this field. To look for a
small anomaly at this field, Fig. 6 shows a plot of dM (H)/dH
versus H at T = 2 K and no evidence of a transition at 1.8 T
is seen. This indicates no spin-flop transition at least up to
5.5 T, suggesting that the MAE is greater than |-0.61| meV /Cr
atom based on Eq. (2). The difference between the observed
and the calculated values is important for further theoretical
investigation. As shown above, the M(H, T = 2K) data for
H || ¢ have a nonzero slope and the x.(7") data in Fig. 3(c) are
nonzero, contrary to the expectation of x.(T — 0) =0 for a
collinear c-axis antiferromagnet. In addition, we note that if
the Cr moments are considered to be point dipoles, the mag-
netic ordering direction from the magnetic-dipole interaction
would be in the ab plane instead of along the c axis [36].
These differences from expectation for a local-moment sys-
tem likely originate from the itinerant nature of the magnetism
in SrCr,As,.

C. Heat capacity measurements

The zero-field heat capacity C,(T) of single-crystal
SrCrsAs, for T = 1.8-300 K is plotted in Fig. 7. The C, at-
tains a value of ~121 J/mol K at T = 300 K, which is close to
the classical Dulong-Petit high-7' limit Cy = 3nR = 124.71
J/mol K associated with acoustic lattice-vibration modes,
where n = 5 is the number of atoms per formula unit and R
is the molar-gas constant. The bump observed at T &~ 290 K
in C,(T') is due to melting of the Apiezon N-grease used for
making thermal contact between the crystal and sample plat-
form of the heat capacity puck and is hence an instrumental
artifact.
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FIG. 7. Temperature 7" dependence of the zero-field heat capac-
ity G, for a SrCr, As, single crystal. The bump in the data at ~290 K
is an experimental artifact. The data in the 7 range 100-300 K are
fitted by the Debye model using Eq. (5) (dashed curve), whereas the
data in the full 7 range 1.8-300 K are better described by a sum of
Debye and Einstein contribution using Eq. (7) as shown by the solid
curve in the figure. Inset: C,/T vs T2 at low temperatures along with
a fit by Eq. (3) (solid curve).

The low-T' C,(T) data for 1.8 K < T < 12 K were ana-
lyzed using the relation

Co(T)=yT + BT> +8T°, (3)

where y is the Sommerfeld electronic heat-capacity coeffi-
cient and 8 and § are coefficients associated with the low-T
lattice heat-capacity contribution. The inset of Fig. 7 shows
Co(T)/T versus T? along with the fit by Eq. (3). The fitted
parameter values are y = 17.7(3) mJ/mol K?, 8 = 0.58(1)
mJ/mol K*, and 8 = 0.8(1) J/mol K®. The value of 8 was
used to determine the Debye temperature ®p according to

1274Rn\'/?
@Dz( 5 ) = 256(2) K. )

The C,(T') data for the full temperature range 1.8 K < T <
300 K were fitted by

Co(T) = yT + nCypebye(T), &)

where the Debye lattice heat capacity at constant volume is
given by

T 3 rOp/T Xt
CVDebye(T)=9R<—) / X 6
C) 0 (

D e’ — 1)

Here, we used y = 17.7 mJ/mol K? obtained from the above
low-T data analysis and Cypebye(T') Was calculated using an
accurate analytic Padé approximant function [37]. As seen
from Fig. 7, the Cy(T') data are only described by the De-
bye model in the temperature range 100-300 K with ®p =
342(2) K. This value of ®p is larger than the value of 256(2)
K determined above from the fit of the C,(T") data at low T by
Eq. (3).

A better fit to the C,(T") data over the full temperature range
was obtained as the sum of the electronic and the Debye and
Einstein lattice contributions

Cp(T) =yT +(1 - O5)CVDebye + aCv Einstein N

where

®E EG)E/T

2
CVEinstein(T/®E) = 3R(?> (eQE/T — 1)2

®)
and ®Og as the Einstein temperature. The relative fraction of
the Debye and Einstein phonon contributions is determined
by the parameter «. The best fit is obtained using the previous
value y = 17.7 mJ/mol K2, together with ®p = 434(3) K,
O = 119(1) K, and & = 0.37(1) as shown by the solid black
curve in Fig. 7. A similar value y = 19.3 mJ/mol K? has been
reported for BaCr,As; [38].

Now we estimate the density of states at the Fermi energy
[D(Eg)] from the value of y = 17.7 mJ/mol K. Using the
relation y = 1wk D(Er), D(EF) is calculated to be 7.53
states/eV f.u. for both spin directions. From a comparison
with a bare band-structure value of 3.7 states/eV f.u. for both
spin directions obtained from a first-principles calculation
[35], the effective mass of the carriers is suggested to be
enhanced by a factor of ~2 in the AFM state of SrCryAs;. A
similar enhancement has been pointed out in BaCr,As; [38].

Finally it is noted that, in the present analysis, we did
not include the magnetic contribution to the heat capacity.
It is known that in the absence of an excitation energy gap,
AFM spin waves at low temperatures have a T3 heat-capacity
dependence if the spin waves are three-dimensional (3D)
and a T? dependence if two-dimensional. Since we have no
information on the magnon dispersion relations, it was not
possible to separate the contribution of spin waves from the
contribution of the phonons to the 87 term in the low-T heat
capacity, so by necessity we ignored a possible contribution of
3D spin waves to this term. However, in either 2D or 3D AFM
spin waves, the presence would not affect the y T term in the
heat capacity, which is the only term relevant to extracting the
electronic contribution to the heat capacity.

D. Electrical resistivity measurements

Temperature-dependent electrical resistivity measurements
were performed on several samples with current along the a
direction in the plane, p,. Measurements in the temperature
range 1.8 to 400 K, performed on two different samples, were
combined with measurements in the range 300 to 700 K, per-
formed on two other samples. The curves for the samples were
normalized by the value of the resistivity at room temperature,
(300 K). The combined data are presented in the main panel
of Fig. 8. The data in two different setups match smoothly in
the range of overlap, 300 to 400 K. The p,(T) curve shows a
metallic resistivity increase on warming in the whole tempera-
ture range up to 700 K. The p,(T') is linear in the paramagnetic
state above Ty, and shows clear positive curvature below Ty.
This resistivity behavior below Ty is typical for metals with
contribution of spin-disorder scattering in the paramagnetic
state [39].
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FIG. 8. In-plane electrical resistivity p, of two samples of
SrCr;As, compiled from measurements in the PPMS (sample #A,
1.8 K to 400 K) and in the furnace set-up (#B, 300 K to 700 K).
Measurements on sample #B were taken on warming (from 300
to 700 K, red curve and red arrow) and on cooling from 700 to
300 K (black curve and black arrow). The resistivity was normal-
ized by the value at room temperature, p(300 K). This value was
determined as p,(300 K) = 48 £ 10 u2 cm. The left inset com-
pares high-temperature resistivity measurements of SrCr,As, (black
curve) with metallic Ni (magenta curve). The magenta and black
arrows indicate the temperatures of the ferromagnetic transition in Ni
and the antiferromagnetic transition in SrCr,As,, respectively. The
right inset shows the T dependence of the normalized p,/p(300 K)
for SrFe,As, from Ref. [26]. The dashed line shows a linear ex-
trapolation of the normalized p(T') curve from above the transition
to T = 0, showing the contribution of magnetic scattering in spin-
disordered phase, similar to the main panel.

The data for SrCrpAs, are very similar to those in
BaCr,As, single crystals [17,19] and EuCr,As, [40], though
measurements in these compounds were not made to high
enough temperatures to reach 7y. They also bear similarity
to p,(T)/p(300 K) for SrFe,As, [26] (right inset of Fig. 8).
In the case of SrFe;As,, and as usual for magnetic scattering
[41], the linear extrapolation of p(7") curve above Ty to 7 =0
gives a big positive offset on the resistivity axis. A similar
extrapolation in SrCryAs; (dashed line in the main panel
of Fig. 8) gives a negative value, indicating a significantly
stronger interaction of the charge carriers with the magnetic
subsystem in the iron compounds.

Interestingly, the resistivity curve does not show any no-
ticeable increase below Ty due to the appearance of magnetic
superzone boundaries. This type of behavior is more common
for ferromagnets. In the left inset of Fig. 8, we compare our
measured electrical resistivity of ferromagnetic Ni with that
of SrCr;As;. Both samples show a clear downward deviation
from the resistivity in the paramagnetic state. The derivative of
the resistivity defines the ferromagnetic Curie temperature T¢
of Ni as 630 K, in good agreement with a suggested value of
631 K [27]. In Ni there is no superzone boundary formation
due to Q = 0 modulation in the ferromagnetic state. Super-
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FIG. 9. The left panel compares the in-plane p, (black and red
curves for samples #A and #C), and interplane p. (blue curve for
sample #D) resistivity of SrCr,As,. The black curve is slightly diffi-
cult to see due to the overlap with other two curves. The temperature
dependence of the resistivity anisotropy p./p, is also plotted by
the green curve in the left panel. For a broad temperature range
the anisotropy remains rather constant, but increases notably below
50 K. The red cross-arrow indicates the position of the anomaly in
temperature-dependent resistivity derivative of p.(7') shown in the
light panel where the temperature dependence of d[p/ (300 K)]/dT
is plotted.

zone boundaries are formed at the points of electron energy
bands crossing new magnetic Brillouin zone boundaries in
the magnetically ordered state [39]. Modulation witha Q = 0
wave vector does not lead to a new periodicity in a ferromag-
net, and as a result this effect is absent here. To understand
the role of the magnetic superzone boundaries in SrCr;As;,
we refer to the band structure calculations [35,42], suggesting
that the Fermi surface has the shape of a warped cylinder. This
shape of the Fermi surface is indeed found experimentally
in an ARPES study of the closely related BaCryAs, [18].
The three-dimensional character of G-type magnetic ordering
makes a poor match with the Fermi surface of this kind,
with the magnetic Brillouin zone affecting very small areas
of the Fermi surface. Compared with the small change of the
density of states below Ty, clearly the loss of spin-disorder
scattering provides a much bigger effect. Considering that the
contribution of spin-disorder scattering vanishes with mag-
netic ordering, the curvature of the resistivity curve below
T\ reflects mainly a build-up of the magnetic order param-
eter [see Fig. 10(d) below] and residual magnetic entropy
[43].

In Fig. 9, we compare the in-plane p, and interplane p,
resistivity of SrCrpAs;. The p. data were taken in the two-
probe mode. The measurements were made from 1.8 to 400 K.
The interplane resistivity at room temperature was determined
as p.(300 K) =430 £ 100 €2 - cm. The resistivity anisotropy
Pc/ Pa is about 9 % 2 at room temperature, and its temperature
dependence is shown by the green curve in the left panel of
Fig. 9 (the right axis). The anisotropy remains nearly constant
down to 50 K, and then shows an about fourfold increase on
further cooling. Interestingly, the onset of anisotropy increase
correlates with a slight anomaly in the temperature depen-
dence of the interplane resistivity derivative (see the right
panel in Fig. 9). The origin of this anomaly remains unknown
and it is not observed in other measurements.
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FIG. 10. (a) Field-swept "> As-NMR spectra of a SrCr,As, single crystal measured at f = 51.1 MHz and T = 4.3 K, for H | c axis and
H || ab plane. The vertical dashed line represents the zero-shift position. (b) Temperature dependence of the f-swept 7> As-NMR spectrum
for SrCr,As, powder sample measured at H = 7.4089 T above T = 300 K. The vertical dashed line represents the zero-shift position.
(c) Temperature dependence of the H-swept "> As-NMR spectrum for a SrCr,As, powder sample measured at f = 51.1 MHz below T =
300 K. The vertical dashed line represents the zero-shift position. (d) Temperature dependence of the FWHM of the >As-NMR spectrum
for the SrCr,As, powder sample. The solid line is calculated with FWHM(T) = FWHM(0)(1 — T/Ty)? + C where 8 = 0.37, Ty = 600 K,

FWHM(0) = 0.4 MHz and C = 0.052 MHz.

E. NMR measurements
1. As NMR spectra of SrCr,As, single crystal

Figure 10(a) shows the field-swept 7> As-NMR spectra of a
SrCr,As; single crystal measured at frequency f = 51.1 MHz
in the AFM state (T = 4.3 K) for H || ¢ axis and H || ab
plane. For the I = 3/2 nuclei, one may expect, in the presence
of quadrupole effects, three spectral lines: one central (I, =
1/2 <> —1/2) and two satellite transitions ([, =3/2 < 1/2
and —3/2 <> —1/2). The observed "> As-NMR spectra for both
H || ¢ axis and H || ab plane only show a single line around
the Larmor field [dashed line in Fig. 10(a)]. The observation
of the NMR line around the Larmor field indicates that there
is no large internal magnetic field at the As site produced by
the Cr ordered moments in the AFM state. The absence of
clear satellite lines suggests that the quadrupolar interaction
is quite small at the As site and we estimate the upper limit
of the quadrupole interaction frequency vq to be ~ 0.1 MHz.
The full width at half maximum (FWHM) of the line for H || ¢
is ~0.41 kOe which is greater than 0.16 kOe for H || ab. No
change in the peak positions and FWHMs were observed up
to 100 K. Above 100 K, the NMR measurements on the single
crystal became difficult due to weak signal intensity.

The internal field at the 7>As site can be analyzed by tak-
ing the crystal symmetry into consideration, which has been
adopted in an analysis of the hyperfine field at the " As site in
BaFe,As, by Kitagawa et al. [44]. According to their analysis,
for a G-type AFM spin structure, the internal field at the As
site is zero due to a perfect cancellation of the off-diagonal
hyperfine fields produced by four in-plane nearest-neighbor
Cr spins when the spin moments are parallel to the ¢ axis.
Thus, the spin components along this axis do not produce any

shift in the ”As NMR spectra. On the other hand, if there
were ab plane components of the ordered Cr spin, they would
produce an internal field perpendicular to the ¢ axis at the
5 As site [44]. Thus one may expect the peak position to be
shifted due to the internal field. However, according to the
ND results, the AFM state is G-type where the Cr’>* ordered
moments align along the ¢ axis. Therefore, one expects a zero
internal field at the As site in the AFM state of SrCr,As, and
should observe the NMR line around the Larmor field. This is
consistent with what we observed in the > As NMR spectrum
measurements, confirming the G-type AFM state in SrCr,As,.

2. "As NMR spectra of SrCr,As, powder sample

To overcome the difficulties for the NMR measurements
at higher temperatures above 100 K with the SrCr,As, single
crystal, we used a polycrystalline sample which makes NMR
measurements possible up to 625 K, which is above the Néel
temperature. Figures 10(b) and 10(c) show the temperature
dependence of the f-swept > As NMR spectrum of polycrys-
talline sample measured at H = 7.4089 T for T > 300 K, and
the temperature dependence of the H-swept 7> As NMR spec-
trum measured at f = 51.1 MHz for T < 300 K, respectively.
As in the case of the single crystal, a single peak expected
for a small quadrupolar interaction was observed in the whole
temperature range from 625 down to 4.3 K. Although no clear
change in the peak position of the NMR spectra is observed,
as the temperature decreases, the NMR spectra broaden below
~ 600 K, which evidences the magnetic ordered state below
this temperature.

Figure 10(d) shows the temperature dependence of the
FWHM of the NMR spectra where the FWHM increases
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FIG. 11. Temperature dependence of the nuclear spin-lattice re-
laxation rate 1/7} divided by T for both the SrCr,As, single crystal
and powder sample. The black dashed and red lines are the calculated
results based on the SCR theory and the two-magnon scattering
model, respectively (see text). Inset: Magnetic field dependence of
1/T\T atT =4.2 K for H || ab. The dashed horizontal line represents
the average value.

gradually with decreasing temperature. Although the inter-
nal field at the As site is expected to be zero in the AFM
state as described above, a distribution of the Cr ordered
moments and/or distribution of the transferred hyperfine cou-
pling constant would broaden the NMR spectra [45]. Since
the temperature dependence of the FWHM for the NMR line
in the case of polycrystalline samples in a magnetically or-
dered state reflects the temperature dependence of the order
parameter (the magnitude of the Cr’' ordered moments),
the T dependence of the FWHM below 600 K indicates a
second-order phase transition. In general, one can estimate a
critical exponent for the AFM transition from the temperature
dependence of the FWHM. However, our experimental data
are somewhat scattered, so we do not estimate the critical
exponent from our experimental data. Instead, we calculated
the temperature dependence of the FWHM based on the ND
measurements [20]. The solid curve in Fig. 10(d) is the cal-
culated result of FWHM(T) = FWHM(0)(1 — T/Tx)? + C
with B = 0.37 reported from the ND measurements. Here we
used FWHM(0) = 0.4 MHz and C = 0.052 MHz which is the
FWHM just above Ty. As shown, the curve with 8 = 0.37
reasonably reproduces the experimental data. Since the value
of B is close to 0.33-0.367 for 3D Heisenberg, 0.31-0.345 for
3D XY, and 0.3-0.326 for 3D Ising models but much greater
than 0.125 for the 2D Ising model [46], the results suggest a
3D nature of the magnetism in SrCr,As,, as found from the
ND measurements [20].

3. "5As spin-lattice relaxation rate 1/T,

The AFM phase transition has also been detected from
the 7 As spin-lattice relaxation rate (1/7;) measurements.
Figure 11 shows the temperature dependence of 1/T1T of
the polycrystalline SrCryAs, sample for T = 4.2 — 625 K,
together with the 1/7; T results for the SrCr, As; single crystal
at low temperatures below 100 K for H || ¢ axis and H || ab

plane. 1/T1T increases as temperature decreases from 625 K,
and shows a peak at 7y ~ 600 K, which is due to the critical
slowing down of spin fluctuations for a second-order phase
transition. Below 7y, with decreasing temperature, 1/77T de-
creases gradually from 550 to 350 K, then shows a relatively
steep decrease below 300 K and finally exhibits a 1/T1T =
constant behavior below 100 K.
In the case of AFM metals, 1/7T is given by

1/TlT = (I/TlT)COHSt+(1/TlT)AFM1 (9)

where (1/T1T )const 1S the temperature-independent value orig-
inating from conduction carriers and the second term is due
to AFM fluctuations. In the framework of weak itinerant anti-
ferromagnets, the self-consistent renomalization (SCR) theory
predicts the following relations [47]:

a
1/ T =—— (T >T 10
/MWD =~ T > T (10
YA (T < Ty). an

Here Mq(T) represents the temperature dependence of the
staggered moments in the antiferromagnetic state. Although
we tried to fit the data by changing the parameters, we were
not able to reproduce the experimental data with the model.
The typical results are shown by the black dashed lines in
Fig. 11 calculated with the parameters Ty = 600 K, a = 1.5
(sK)™, b=2x10"2(sK) " and (1/T T )const = 0.043 (sK)~".
Here we used the calculated FWHM(T ) as Mq(T'). Then, we
consider another possibility for (1/777 )apm. When 1/T1T is
mainly driven by scattering of magnons, often observed in an-
tiferromagnetic insulators, (1/777T )apm is expected to follow
a T? power-law temperature dependence due to a two-magnon
Raman process [48]. The red solid line in Fig. 11 is the result
calculated with 1 /777 = 0.043 4+ 1.2x 107972 (sK)~!, which
reproduces the experimental data better than the fit with the
SCR theory. A similar analysis of the temperature dependence
of 1/T\T has been reported in the antiferromagnetic metal
K-doped BaMn,As; [49]. These results suggest that the nu-
clear relaxation process in the AFM state in the temperature
region 7 ~ 100-550 K mainly originates from magnon scat-
tering and also suggest a relatively strong localized nature
of the Cr ordered moments in the AFM state of SrCr,As,.
On the other hand, the T -independent 1/7,T = 0.043 (sK)~!
observed below 100 K indicates that the nuclear relaxation in
the temperature range is dominated by the relaxation process
due to the conduction carriers, evidencing the metallic state
from a microscopic point of view. The duality of localized
and itinerant natures may originate from d electrons on the
different 3d orbitals of the Cr ions in SrCryAs,.

Since the T-independent 1/7'T observed at low tem-
peratures is in general proportional to the square of the
density of states at the Fermi level D(Eg) as [50] (I1T)~! =
47t y2hikgAZ, D*(Er), where kg is Boltzmann’s constant and
Ayt is a hyperfine coupling constant, these results indicate that
D(Er) is independent of temperature at least below 100 K.
This is in contrast to the recent Raman spectroscopy mea-
surements [21] which suggest a continuous decrease of the
density of states at T < 250 K. Similar 7-independent 1/T,T
behaviors with 1/77T ~ 0.043 (sK)~! are also observed in
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the SrCr,As; single crystal below ~ 100 K for two different
magnetic field directions H || ¢ axis and H || ab, as shown in
Fig. 11. These results again indicate the T-independent behav-
ior of the D(Eg) below 100 K. In addition, the similar values
of 1/T1T for H || c and H || ab suggest no obvious anisotropy
in the magnetic fluctuations due to conduction carriers in this
material.

It is noted that we did not attribute the decrease in 1/77T
from Ty to 100 K to the reduction of D(Eg). If the reduction
of 1/T,T from 0.2 (sK)~! at 300 K to 0.043 (sK)~! at 4 K is
due to the reduction of D(Er), the D(Er) must be reduced by a
factor of ~2.2 at low temperatures since 1/7,T is proportional
to D?(Er). This seems to be inconsistent with the observed
T dependence of x. and x,,. Assuming a Wilson ratio of
1, the Pauli paramagnetic susceptibility is estimated to be
2.43 x 10™* ¢cm?/mol from the Sommerfeld electronic heat-
capacity coefficient y = 17.7 mJ/mol K? (see Sec. III C).
This corresponds to ~32% and ~18% of the observed .
and x.p, respectively, below 300 K. Therefore, although we
do not know the origin of x. and x,, below Ty, one may
expect to observe the change in . and y,,, if D(EF) decreases
with decreasing 7. However, as shown in Fig. 3(c), the x.
and ., do not show an obvious reduction with decreasing
T. These results indicate no obvious change in D(Er) with
decreasing T'.

It is also important to point out that the Raman spec-
troscopy measurements suggested the reduction of D(Ep)
with increasing magnetic field [21]. To check this possibility,
we measured the H dependence of 1/T;T at4.2 K for H || ab.
As shown in the inset of Fig. 11, we found no obvious change
in 1/TT from 3.7 T to 8.25 T, indicating that the D(EF) is
nearly independent of H up to 8.25 T.

4. 33Cr zero-field NMR in the antiferromagnetic state

We tried to observe zero-field Cr-NMR signals in the single
crystals, but no signals were detected. However, we succeeded
in observing the >*Cr-NMR signal under zero magnetic field
in the SrCr; As, powder sample at 7 = 1.6 K in the frequency
range of f ~ 59-82 MHz as shown in Fig. 12, although the
signal intensity was very small due to a low natural 9.5%
abundance of 3Cr and the broad spectrum. This is direct
evidence of the magnetic ordering of Cr moments in the AFM
state. Since the signal intensity was very small even at the
lowest temperature of 1.6 K, it is hard to measure the spectrum
precisely, making analysis of the spectrum difficult. Neverthe-
less, we tried to fit the spectrum. The green curve in Fig. 12
is the calculated 3 Cr-NMR spectrum with a set of parameters
of the internal magnetic field at the Cr site IHigtr | =295 T,
Cr quadrupolar interaction frequency vq = 8 MHz, and 6 =
0. Here 6 represents the angle between HS! and the principle
axis of the EFG tensor at the Cr sites. Since the Cr site has
a local fourfold symmetry around the c axis in the tetragonal
ThCr,Si,-type crystal structure, the principal axis of the EFG
at the Cr site is parallel to the ¢ axis. Therefore, since the Cr
ordered moments align along the ¢ axis under zero magnetic
field from the ND measurements [20], we used 6 = 0O for the
simulation. As shown in Fig. 12, the observed spectrum was
not reproduced well by the simulated spectrum, so we are not
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FIG. 12. Zero-field >*Cr NMR spectrum at T = 1.6 K. The green
curve is the calculated **Cr-NMR spectrum using the parameters
BE =29.5T, vy =8 MHz, and 6 = 0.

nt

able to discuss much about the parameters obtained from the
simulation.

However, we consider that the frequency range we ob-
served *Cr-NMR signals provides some information about
the magnitude of the Cr ordered moments. In general, the
3Cr-NMR resonance frequency in magnetic materials is
closely related to the total spin value of the 3d electrons on
Cr ions since the resonance frequency is proportional to HS!
which is proportional to the Cr ordered moments (i) via
the hyperfine interaction. Therefore, one may observe >Cr
NMR in different frequency ranges with different ionic states
of Cr ions. For example, >*Cr-NMR signals for Cr*t with
S =1 (3d?) in the FM half-metal CrO, are observed around
f = 26-37 MHz [51-53], while the signals are located around
65-70 MHz for Cr** with § = 3/2 (3d?) in insulating antifer-
romagnets Cr,O3 [53,54], YCrO; [53,55] and CuCrO, [56].
3Cr-NMR signals were also observed around 44—57 MHz for
(u) = 0.76-0.97 up in Cr-based molecular rings [57]. There-
fore, the resonance frequency f = 59-80 MHz observed in
SrCr,As; suggests that the Cr ordered moments have spin
<8 =3/2 (u =3 pp). This is less than the value of 4 ug
expected for Cr>* (S = 2) ions in localized systems, which is
consistent with the itinerant nature of the antiferromagnetism
in SrCr,As;. The hyperfine coupling constants for Cr ions
have been reported to be Ay = —11.7 to —12.7 T/up in
Cr-based magnetic compounds [55,58]. Using Hig{ =295T
and (u) =19 ug/Cr and 2.26-2.4 ug/Cr from the ND
measurements [20] and the first-principles density-functional
calculations [35,42], respectively, |Ant| :HS{ () is esti-
mated to be 15.5 T/up and 12.3 to 13.1 T/ug, respectively.
Although |Aps| = 15.5 T/up is slightly greater than the re-
ported value, |Aye| = 12.3 to 13.1 T/up is reasonably close
to it. These results indicate reduced ordered moments of Cr
ions compared to the above local-moment value of 4 ug/Cr
in SrCr,As,.
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IV. SUMMARY

The electronic and magnetic properties of itinerant anti-
ferromagnetic SrCr,As, with single crystalline and polycrys-
talline forms have been studied by a variety of measurements
including electrical resistivity p, heat capacity C,, magnetic
susceptibility x versus temperature 7 and magnetization M
versus applied magnetic field H isotherm measurements from
a macroscopic point of view as well as ">As and >*Cr NMR
measurements from a microscopic point of view in a wide
temperature range of 7 = 1.6-900 K.

The metallic ground state was directly evidenced by the
electrical-resistivity and heat-capacity measurements as well
as NMR measurements. From the value of the Sommerfeld
coefficient of the electronic heat capacity y = 17.7 mJ/mol
K2, the density of states at Fermi energy D(Eg) in the AFM
state is estimated to be 7.53 states/eV f.u. for both spin
directions, which is almost twice the bare D(Eg) estimated
from first-principles calculations, suggesting an enhancement
of the conduction carrier mass by a factor of two in the
AFM state. In addition, the temperature and magnetic-field
dependences of the ">As spin-lattice relaxation rate divided
by T, 1/T;T, at low temperatures indicate that the D(Er)
is nearly constant at least below 100 K and is independent
of H up to 8.25 T, in contrast to the recent report from the
Raman spectroscopy measurements [21] which suggest a con-
tinuous decrease of the D(Eg) below T < 250 K and also with
increasing H.

The p(T) is found to show T -linear behavior above Ty and
exhibits positive curvature below Ty where significant loss of
spin-disorder scattering upon magnetic ordering is observed.
The T dependence of p(T) is found to bear some similar-
ity to the parent compounds of iron-based superconductors
BaFe,As, and SrFe,As,, but not CaFe,As, [26]. The resistiv-
ity anisotropy of the compound remains moderate p./p, ~ 9

through most of the magnetically ordered phase but shows
rapid increase below 50 K.

The AFM ordering temperature Ty = 615(15) K has been
detected from a clear peak ind(x T )/dT, a slope discontinuity
in p(T), a sudden change in 5 As NMR line width and also
a peak in the 7" dependence of 1/7;. The observation of the
5 As NMR spectrum around the zero-shift position (Larmor
field) for both single-crystal and powder samples in the AFM
state below Ty indicates a G-type AFM spin structure. From
the x (T') measurements on SrCr,As; single crystal under the
two different magnetic field directions H || ab and H || ¢ in
the AFM state, the Cr ordered moments are shown to align
along the c axis in the G-type AFM state, consistent with the
results from the previous neutron-diffraction measurements.
The temperature dependence of 1/7; in the AFM state cannot
be reproduced by the SCR theory for weak itinerant antifer-
romagnets, but it was found that a magnon-scattering model
often observed in antiferromagnetic insulators roughly repro-
duces the experimental data. The result suggests the localized
nature of the Cr ordered moments in the metallic AFM state
of SrCryAs,, showing the duality of localized and itinerant
natures which could originate from d electrons on the different
3d orbitals of the Cr ions. Further detailed studies are required
for understanding the role of each electron of the 3d orbitals
of the Cr%t ions as well as the origin of the dual nature, which
leads to deeper understandings of the electron correlations in
SrCr,As; and also in the other Cr-based compounds.
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