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Pressure control of magnetic order and excitations in the pyrochlore antiferromagnet MgCr,0O4
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MgCr,0; is one of the best-known realizations of the pyrochlore-lattice Heisenberg antiferromagnet. The
strong antiferromagnetic exchange interactions are perturbed by small further-neighbor exchanges such that this
compound may in principle realize a spiral spin liquid (SSL) phase in the zero-temperature limit. However,
a spin Jahn-Teller transition below Ty ~ 13 K yields a complicated long-range magnetic order with multiple
coexisting propagation vectors. We present neutron scattering and thermomagnetic measurements of MgCr, O,
samples under applied hydrostatic pressure up to P = 1.7 GPa demonstrating the existence of multiple close-
lying nearly degenerate magnetic ground states. We show that the application of hydrostatic pressure increases
the ordering temperature by around 0.8 K per GPa and increases the bandwidth of the magnetic excitations
by around 0.5 meV per GPa. We also evidence a strong tendency for the preferential occupation of a subset
of magnetic domains under pressure. In particular, we show that the k = (0, 0, 1) magnetic phase, which is
almost negligible at ambient pressure, dramatically increases in spectral weight under pressure. This modifies
the spectrum of magnetic excitations, which we interpret unambiguously as spin waves from multiple magnetic
domains. Moreover, we report that the application of pressure reveals a feature in the magnetic susceptibility
above the magnetostructural transition. We interpret this as the onset of a short-range ordered phase associated

with k = (0, 0, 1), previously not observed in magnetometry measurements.

DOI: 10.1103/PhysRevB.109.064415

I. INTRODUCTION

Quantum and geometrically frustrated magnetic insulators
are ideal platforms to study and understand the interplay be-
tween crystallography, statistical mechanics, and many-body
quantum theory. The staggering number of compounds and
distinct chemical families available for detailed experimental
studies has uncovered a wealth of magnetic ground states
and excitations at low temperatures, often stabilized and
controlled by small relative energy scales in the material’s
magnetic Hamiltonian. In spite of this enormous complexity,
several key theoretical models, and their approximate material
realizations, are attracting continuous attention. One such sys-
tem is the pyrochlore Heisenberg antiferromagnet (PHA), a
paradigm of high magnetic frustration [1,2]. On the theoretical
front, even in the limit where magnetic moments are treated
as large spin S > 1 (i.e., classical dipoles), both the sys-
tem’s ground-state and excitations are unusual. The former is
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governed by an extensive ground-state degeneracy inthe 7 —
0 limit, with spin correlations decaying algebraically in real
space such that sharp “pinch-point” features appear in recip-
rocal space [3-5]. This is an example of a classical spin-liquid
[6], where the under-constrained interaction rule between
spins maps onto an emergent form of magnetic matter, the
Coulomb Phase. The spin dynamics in that phase comprises
diffusive and precessional dynamics [7,8]. These unusual
magnetic properties motivate experimental investigations of
materials realizing the PHA. Well-known approximate re-
alizations include the rare-earth fluorides NaA’B,F; [9,10],
the spin ices [3-5] (although magnetic anisotropy dominates
in these systems), and spinels such as ZnCr,O4 [11], and
MgCr, 0,4 [12-15]. The latter compound is the subject of this
work.

MgCr, 0y crystallizes in the Fd3m space group with mag-
netic Cr’* ions on the B sites of the spinel structure which
form a pyrochlore lattice. The Cr** (S = 3/2,1 = 0) ions
occupy edge-sharing octahedra of O*>~ ions which provide an
~90° Cr-O-Cr superexchange pathway while the short bond-
distance in spinel oxides typically allows for a dominant direct
d — d exchange [16]. As a result, the largest magnetic in-
teraction is the antiferromagnetic nearest-neighbor exchange
along the bonds that form the pyrochlore lattice. The strong
antiferromagnetic interactions (|®w| ~ 400 K in MgCr,0.)
lead to a highly frustrated cooperative paramagnetic regime,
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that is only relieved at Ty &~ 13 K when the compound un-
dergoes a spin Jahn-Teller transition that results in a small
tetragonal lattice distortion [17,33]. The magnetostructural
transition results in complex magnetic ordering that coalesces
in the coexistence of three propagation vectors in the ultimate
low-temperature Néel-ordered phase. The magnetic ordering
occurs through two distinct transitions from the paramagnetic
state [18]. First, a transition into the “H phase” at around T ~
16 K that is partially ordered with ky = (0, 0, 1). Then, a tran-
sition into the “L phase” is initiated by the magnetostructural
transition at 7 ~ 13 K and results in the final long-range or-
dered structure. This transition has two ordering wave vectors
associated with it, k. ; = (0.5,0.5,0) and k1, = (0.5, 0, 1),
prompting questions whether the low-temperature structure is
multi-k or multidomain. A recent report on extensive diffrac-
tion work heavily favors a multidomain solution [19].

The magnetic excitations of MgCr,04 above and below
the magnetostructural transition have been investigated in de-
tail [12,14,15,19]. In the ordered phase, the excitations have
been characterized by some authors as resonance-like modes
at distinct energies [12,14], resembling that of ZnCr,O4
[11], and with a momentum-space structure-factor suggest-
ing the formation of localized spin clusters on hexagons and
tetrahedral-pairs of the pyrochlore lattice. A recent report,
Ref. [15], by some of us studied the excitations of MgCr,0O4
in the paramagnetic regime. It provided definitive evidence
for the presence of subleading further-neighbor Heisenberg
exchange interactions in the compound, consistent with the
absence of pinch-point scattering in the structure factor [20].
The former study concluded that the localized spin clusters
are not necessary to explain the dynamics of MgCr,0y4 in
the paramagnetic phase and mimic the spin correlations pro-
duced by further-neighbor Heisenberg exchange interactions.
It also hinted that the Hamiltonian of cubic MgCr,0O4 (be-
fore the structural distortion) lies close to a spiral spin-liquid
ground state [15,21], a classical spin-liquid distinct from the
Couloumb phase. This proximity may explain why several
magnetic ground states compete and a magnetostructural tran-
sition is necessary to relieve frustration at low temperatures.
However, due to the complexity of the ultimate magnetic
structure, a complete model of the static and dynamic prop-
erties of the ordered compound has yet to be determined.

In this paper, we employ hydrostatic pressures up to P =
1.7 GPa on polycrystalline and single-crystalline samples of
MgCr,04 to further investigate the nature of the magnetic
order and dynamics in the low-temperature phase of this
compound. We hypothesize that pressure can tune the relative
importance between competing nearest-neighbor exchanges,
further-neighbor interactions, and magnetoelastic coupling
and conduct comprehensive thermomagnetic and neutron
scattering studies to better understand the microscopic origin
of the complex magnetic phenomena in this compound. Very
much like a recent diffraction report [19], our work favors a
multidomain magnetically ordered state and demonstrates un-
ambiguously, and in a model-free fashion, that resonance-like
excitations in the ordered phase are overlapping spin waves
originating from multiple magnetic domains.

This paper is organized as follows. Section II contains
experimental details of our joint thermomagnetic and neu-
tron characterization of polycrystalline and single crystalline

samples of MgCr,04 in applied hydrostatic pressures up to
1.7 GPa. Section III presents our results and demonstrates
pressure control of the magnetic order and excitations in
MgCr,04. Section IV discusses the implications of our re-
sults on the nature of the low-temperature ground-state in
MgCr,0,4 as well as mechanistic implications of stabilizing
a multidomain magnetic order. This section also provides a
short conclusion. A short discussion on systematic effects
in our magnetometry experiments under pressure is provided
in Appendix. More details along with replication results on
different samples are provided in Ref. [22].

II. METHODS
A. Synthesis and x-ray diffraction

Polycrystalline samples of MgCr,04 were prepared
through solid-state synthesis in accordance with the meth-
ods of Ref. [13]. Stoichiometric ratios of magnesium oxide
(99.99%) and chromium (III) oxide (99.997%) were thor-
oughly ground and pressed into a pellet prior to heating in
an alumina crucible at 800 °C for 12 hours followed by firing
at 1200 °C for 24 hours in air. This process was repeated three
times before phase purity was achieved as determined from
powder x-ray diffraction (PXRD) using a Rigaku Smartlab
SE diffractometer operated with K, radiation (A =1.5406 10\).
Samples from two distinct batches, labeled Nos. 1 and 2 in the
following, were used in this work (see Fig. S1 Ref. [22] for
PXRD patterns yielding a = 8.332(1) A for the cubic Fd3m
space group).

Separate from these samples, our experiments utilized sin-
gle crystal samples grown at Johns Hopkins University using
the optical floating zone technique, as detailed in Ref. [23].
The crystal used in this work was chosen and dismounted
from the multisample assembly used in Ref. [15]. The sample
was aligned with a Multiwire Laue backscattering x-ray ma-
chine and cut to the required dimensions using a diamond saw.
The sample orientation was chosen to maximize the sample
volume, given the constraints of the crystal growth axis and
the pressure cell geometry.

B. Magnetization measurements

Temperature-dependent magnetization M (T') curves of our
polycrystalline samples were collected using a Quantum De-
sign MPMS3 magnetometer operated in DC SQUID mode
between T =1.8 and 300 K. High-pressure measurements
used a BeCu pressure cell manufactured by HMD (Japan)
and polytetrafluoroethylene (PTFE) sample holders. Ambient
pressure measurements used the uncompressed pressure cell
or a standard brass rod with plastic capsules. Magnetic fields
of woH = 0.01 and 0.5 T were applied, and magnetic suscep-
tibility was calculated as x(7') = M(T)/H after background
subtraction from the raw magnetization curves. Measure-
ments were conducted under field-cooled (FC, sample cooling
down) and zero-field-cooled (ZFC, sample warming up) con-
ditions. Pressure was applied by symmetrically rotating the
two threaded pistons of the cell leading to compressions up
to A¢ = 2.2 mm. From the uncompressed state, A¢ = 0 mm,
full pressurization was typically achieved in three steps with
intermediate measurement runs after each compression.
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Applied pressure P was determined in situ using the su-
perconducting transition of Pb powder (99.9%, T. ~ 6.7 K
in our conditions), added to our samples [see Ref. [22]
for further details]. Pb was deemed a good low-temperature
manometer given its well-known T.(P, H) dependence [24]
and the proximity to the sample magnetic ordering transi-
tion at Ty ~ 13 K. Measurements taken at uoH = 0.01 T
allowed the diamagnetic response of Pb below T, to dominate
over the paramagnetic signal of our sample. Measurements
characterizing our sample were taken above puoH > 0.1 T
thus quenching the transition in Pb and making its contribu-
tion negligible. The change in transition temperature between
compressions, AT.(Af), was measured from the onset of
strong diamagnetism to minimize systematic uncertainty be-
tween runs [see Fig. S2 [22] for several examples of our in situ
Pb superconducting transition measurements].

In order to achieve pressures up to P = 1.3 GPa, polycrys-
talline MgCr,04 was gently packed into the PTFE sample
holder until approximately 70-80% of the available volume
was filled. Pb powder was added on top, and Daphne 7373
oil was employed as a pressure-transmitting medium (PTM).
The oil and powder assembly was gently emulsified and care
was taken to minimize any trapped air during this process.
Such a high volume fraction of sample with respect to PTM
requires investigation in terms of hydrostaticity and a bench-
mark of these “pseudohydrostatic” conditions is discussed in
Appendix. With this understanding and to distinguish from
fully nonhydrostatic conditions without a PTM, the pressure
will be referred to as hydrostatic for the remainder of the
paper.

Background data were collected using the same pres-
sure cell loaded with an empty PTFE sample holder. The
same sequence and parameters of primary data collection
were also employed. Raw curves of SQUID voltage versus
pressure-cell position were subtracted point-to-point between
the sample and background measurements. The resulting
curves were analyzed using the SQUIDLAB package [25] to
extract magnetization values in absolute units using the known
instrument-specific calibration factor. In order to minimize
systematic uncertainties and artifacts in our data, care was
taken to confirm results by repeating experiments. For a
comparison of results across replicate experiments, interested
readers are directed to Fig. S3 [22].

C. Heat capacity measurements

Ambient pressure heat-capacity measurements using a
Quantum Design PPMS calorimeter were performed on
polycrystalline samples, lightly pressed into solid thin pel-
lets. Measurements were taken using the standard relaxation
method with quasiadiabatic short (< 3% increase) and long
(>30% increase) temperature pulses. The long-pulse results
were analyzed using the LONGPULSEHC package [26]. The
data were converted to specific heat using the known mass
(£5%) of the sample.

D. Inelastic neutron scattering

Inelastic neutron scattering measurements were performed
on the hybrid time-of-flight spectrometer HYSPEC at the

Spallation Neutron Source (Oak Ridge Nationa Laboratory,
U.S.). A rod-like single crystal of MgCr,04 of mass m =
0.9 g, 9 mm tall, and 3.2 mm diamter, cut with horizontal
top and bottom facets, was mounted in a clamp cell with
fluorinert as a PTM. The pressure cell comprises an aluminum
alloy body surrounding a copper-beryllium inner sleeve [27]
containing a PTFE sample tube. Tungsten carbide pistons are
used to supply pressure to the PTM. The pressure cell was
pressurized using a hydraulic press with a three-ton load cor-
responding to a nominal pressure of P = 1.7 GPa. Load was
transferred from the press to the cell through clamping the top
nut and special care was taken to ensure the load was success-
fully transferred. Several recent experiments using these cells
indicate that pressure loss due to friction is small under these
conditions. A preliminary experiment using a similar shaped
crystal of MgCr,04 and the same set-up was performed in
order to ensure the crystal survived the pressurization event
intact. The pressure cell was shielded with Cd and attached
to a bottom-loading close-cycle refrigerator. The sample was
aligned with the ¢* axis of the cubic structure perpendicular
to the scattering plane. A slight out-of-plane tilt of 4.8° was
accounted for during the data reduction process.

The sample was measured at both base temperature (T =
4.5 K) and above the sample’s magnetic ordering tempera-
ture (T = 20 K) for both zero compression (nominal pressure
P = 0 GPa) and compressed (nominal pressure P = 1.7 GPa).
HYSPEC was operated with incident energies of E; = 12
and 25 meV and a chopper speed of 180 Hz. The HYSPEC
detector bank was positioned to cover low scattering angles
260 = —3° to —63°, and the pressure cell was rotated over
180° in steps of 1°. An empty pressure cell was measured
at sample rotations of —90°, 0°, and 90° and averaged to
account for any inhomogeneities in the Cd shielding. The re-
sulting background was then subtracted from the sample data.
Data were reduced and analyzed using the MANTID package
[28,29]. The resulting neutron scattering intensity I(Q,E)=
ki /kf[dza /dQdEf] as a function of energy transfer £ and
momentum transfer Q = Ha* + Kb* + Lc¢* is plotted in the
cubic setting associated with the high-temperature Fd3m
space group. The vertical focusing on HYSPEC introduces a
sizable out-of-plane angular integration with a lower bound of
42.4° given by the geometry of the guide and focusing array.
For E; = 12 meV, our setup yielded estimated full width at
half maximum (FWHM) energy resolutions of I'(4 meV) =
0.34 meV and I'(8 meV) = 0.18 meV.

III. RESULTS

A. Thermomagnetism of the magnetostructural transition

To understand the effects of hydrostatic GPa-scale pres-
sure on the magnetic properties of MgCr,04, we first turn
to thermomagnetic results collected on polycrystalline sam-
ples inside the pressure-cell. In absence of compression (i.e.,
P = 0), the temperature-dependent susceptibility x(7") dis-
plays a characteristic Curie-Weiss (CW) behavior x(T) =
C/(T — ®Ow) + xo above T* ~ 50 K [Fig. 1(a)], where yxq
is the temperature-independent contribution from the sample
and the PTM. Given that |®Ow| 2 400 K for MgCr,04, we
did not attempt to extract values for C or ®y but we note the
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FIG. 1. (a) Temperature dependence of the magnetic suscep-
tibility of MgCr,O, under ambient (blue) and pressurized (red)
conditions, as well as field-cooled (FC, cooling down, open symbols)
and zero-field cooled (ZFC, warming up, full symbols). Correspond-
ing temperature dependence of the specific heat (grey symbols).
(Inset) Crystal structure of MgCr,0O4 in the high-temperature cu-
bic phase, showing only the Cr** ions and nearest-neighbor bonds.
(b) Representative plot of the derivative d[x -T']/9T | in the vicinity
of T = Ty showing the magnetic ordering transition under non-
pressurized (blue points) and pressurized (red points) conditions
corresponding to P = 0.8 GPa. (c) Temperature dependence of the
specific heat measured quasiadiabatically (short pulse) under ambi-
ent pressure and a field of uoH = 0.5 T while scanning the same
transition warming and cooling. The inset shows the results of a
long-pulse measurement over the same temperature range. All data
presented here utilized sample No. 1. See Fig. S3 [22] for additional
independent measurement runs on this sample and others.

good agreement between our data and a previous report from
stoichiometric samples [13].

As is typical for a highly frustrated magnet in the co-
operative paramagnetic regime, strong deviations from the
CW law are only observed at relatively low temperatures,

here for T = 50 K (T /|®w| ~ 10), where x (T) flattens out
before experiencing a sharp downturn between 7'=20 and
10 K. We associate the sharpest part of this downturn with
the magnetoelastic and magnetic ordering phase transition(s)
of the sample around 7y = 13 K. Correspondingly, the spe-
cific heat C,(T') displays a large A-shape peak in agreement
with the thermodynamic nature of the transition. A pressure
of P=0.8 GPa [Fig. 1(a), red points], does not yield sig-
nificant changes in the overall shape and behavior of the
x(T) curve. This suggests that the application of GPa-scale
hydrostatic pressure does not significantly alter the value of
|®w| or the nature of the cooperative paramagnetic state in
MgCr, 0.

To further investigate if there is any effect of hydrostatic
pressure on the sample’s magnetism, we turn to the behavior
of the x(T') in the vicinity to T ~ Ty. To enhance the signa-
ture of the magnetic phase transition, we plot a[x-T1/9T |y
[Fig. 1(b)] as successfully employed in Ref. [13] to precisely
assign the transition temperature of ACr,O4 spinels from
susceptibility measurements. In absence of compression, a
pronounced and dominant peak is observed in the ZFC data
at In(P = 0) = 13.1(1) K with a tail extending up to around
T =~ 15 K. The main peak has a slightly higher temperature
than the peak observed in specific heat [Fig. 1(c)], consistent
with Ref. [13]. The asymmetric peak and overall width, how-
ever, is not expected under ambient pressure. Such lineshape
effect typically correlates with a distribution of magnetic tran-
sition temperatures in the sample resulting from pressure,
temperature and/or compositional gradients. We investigate
this effect in detail in the Appendix and conclude it is a
systematic effect from the PTM.

At maximum compression, corresponding to P = 0.8 GPa
for the experiment shown in Fig. 1(b), the ZFC peak in o[y -
T1/0T |y shifts by more than 0.5 K with Tx(P=0.8 GPa)
= 13.7(1) K while decreasing in amplitude and broadening
substantially with the appearance of two additional features:
a weak broad peak at 7' = 15.5 K and a sharp single-point
peak at 7” = 15.1 K. We comment on these features in
turn. First, the overall shift, which corresponds to 7y /0P ~
0.75 K/GPa, is continuous as a function of applied pres-
sure (see Fig. S3 [22] for intermediate pressures for this and
replication runs reaching up to P = 1.3 GPa). We postulate
the shift originates from minute changes in further-neighbor
exchange interactions and/or magnetoelastic coupling energy,
ultimately stabilizing the ordered state at a slightly higher tem-
perature. Second, we associate the peak at 7" with a signature
of the first transition in MgCr,0O4, a phenomenon enhanced
under pressure. Third, the sharp discontinuity at 7" is in-
triguing as it is systematically present in our measurements in
which it gradually appears under pressure (see Fig. S3 [22]),
and always corresponds to a single measurement point, even
when scanned with a temperature resolution of AT = 10 mK
(see Fig. S4 [22]). Despite our efforts, the intrinsic or extrinsic
origin of this peak remains unknown.

Comparing FC and ZFC measurements [Fig. 1(b)] reveals
a significant difference and hysteresis between protocols: the
single asymmetric ZFC peak discussed above transforms into
a two-peak structure under FC conditions. The second peak at
T = T*, separated from the main peak at T = Ty by [T* —
Tn1(0 GPa) = 0.9(1) K, shifts and grows in amplitude under
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pressure with [T* — Ty](0.8 GPa) = 0.7(1) K. The second
peak in FC measurements is consistently present in our repli-
cation datasets (see Fig. S3 [22]). To further investigate this
feature from the magnetometry data, we turn to heat capacity
measurements at an applied field of uoH = 0.5 T and under
ambient pressure. A subtle hysteresis between cooling (FC)
and warming (ZFC) conditions is observed in the specific heat
[Fig. 1(c)]. This may be expected given that the magnetic
ordering in MgCr,04 is coupled to a first-order structural
phase transition, however the second peak is not observed
under these conditions. Since quasiadiabatic heat capacity
measurements are not sensitive to the latent heat of first-order
phase transitions [26,30], we turn to long-pulse measurements
[Fig. 1(c) inset]. This reveals the second peak upon cooling,
which was previously obscured by thermal averaging in the
quasi adiabatic protocol. In order to determine the thermal- or
field-dependent origin of the second peak, we turn to heat ca-
pacity measurements in zero field and pressure (Fig. S5 [22]),
which yield the same results, indicating that the second peak
in FC 9[x-T1/0T |y results from cooling the sample across
Tn. Based on this evidence, we postulate that the two-peak
structure of the transition of MgCr, Oy is likely present at am-
bient pressure, but its signature is enhanced by the application
of hydrostatic pressure upon cooling.

In short, our careful thermomagnetic measurements reveal
that the magnetoelastic transition temperature(s) in MgCr,O4
can be shifted by almost 0.8 K per GPa while the over-
all susceptibility behavior remains unchanged. Perhaps more
importantly to understand the nature of that transition, we
observe subtle lineshape and double-peak structure effects
extending by almost 2 K above the main transition at Ty.
These effects are impacted and enhanced by applied pressure
but can be traced back to ambient pressure measurements.
Given the known multistructure and multidomain propensity
of MgCr,04, we hypothesize these effects originate from
magnetic domain control and redistribution. We turn to elastic
and inelastic neutron scattering measurements to gain a direct
microscopic view of these effects.

B. Neutron scattering
1. Elastic scattering

We now turn to results from elastic neutron scattering
collected at T = 4.5 K, well below Ty, and compare ambi-
ent pressure with results for P = 1.7 GPa. Two-dimensional
slices through the m3m-symmetrized elastic data are pre-
sented in Fig. 2, displaying Bragg peaks associated with the
structural and magnetic long-range order. Bars are used to
denote variables that are integrated over. Structural Bragg
peaks corresponding to the {220}-family of the cubic struc-
ture are visible for Q = 7. with reciprocal lattice vectors
T, = (£2, £2,0) and (&2, F2, 0) [see Fig. 2(a)]. Under P=
1.7 GPa of pressure, these peaks do not noticeably change,
indicating that the crystal mosaic remained intact, as expected
given the large bulk modulus, Ky =~ 190 GPa [31]. No evi-
dence of a pressure-induced structural phase transition was
found in the paramagnetic phase (see Fig. S6 [22]), consistent
with a previous study which found no phase transition below
14.2 GPa [32].

In the unpressurized sample, we observe magnetic
Bragg peaks at Q = 1. =k associated with two magnetic
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FIG. 2. Elastic neutron scattering intensity /(Q, E = 0) mea-
sured with E; = 12 meV at T =4.5 K projected in the (H, K, L) plane
after integrating over £ = 0 & 1.0 meV and (a) L = 0 £ 0.1 r.L.u and
(b) L = 0.5 £ 0.1 r.l.u. Such L integration corresponds to an angular
integration of ~2° that matches the intrinsic out-of-plane integration
on HYSPEC. Ambient pressure P =0 GPa is on the left while
P = 1.7 GPa is on the right. Although the background is subtracted,
the intensity is difficult to normalize to absolute units, and the results
are left in arbitrary units. The data were symmetrized in the m3m
Laue class of the crystal structure before the tetragonal (¢ # a=>b)
magnetostructural transition at 7y &~ 13 K, which lowers the crystal
symmetry. Given the relaxed vertical resolution on HYSPEC we
apply only the symmetry operations in the scattering plane. The
dashed white rectangles refer to the one-dimensional cuts presented
in Fig. 3.

propagation vectors k. ; = (0.5,0.5,0) and k. , = (0.5,0, 1)
and the corresponding index permutations [see Figs. 2(a) and
2(b) left panels]. Whilst not all of these operations are strictly
symmetry operations of the /4;/amd space group, the tiny
mismatch between the a and c lattice parameters c/a = 0.998
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FIG. 3. One-dimensional cuts through the 7 = 4.5 K elastic data
of Fig. 2 highlighting the redistribution of Bragg peaks between un-
pressurized (blue circles) and P = 1.7 GPa (red circles) conditions.
Integration ranges are indicated on the plots which correspond to
cut directions (a) Q = (H, 2, 0), (b) (H,2,0.5), and (c) (H, 1.5, 0).
Momentum integration ranges are indicated on the plots. The inte-
grated Bragg peak intensity was obtained by fitting to a collection
of pseudo-Voigt functions with a linear/quadratic background which
was then subtracted from the data.

[33] (in the cubic setting) means that structural domains of
this type are energetically inexpensive, and similar domains
have been observed in both MgCr,04 [19] and other spinel
compounds [34]. As a result, the neutron scattering data were
symmetrized in the m3m Laue class, consistent with the point
group of the crystal structure before the magnetostructural
transition. Since the domain population is likely to vary as
a function of various parameters (i.e., rate of compression,
cooling, etc.), the symmetrization averages the domain pop-
ulations along with improving counting statistics. In addition
to these magnetic propagation vectors, previously reported in
Ref. [15], peaks associated with ky = (0, 0, 1) are present but
extremely weak under ambient pressure.

After the application of pressure, a redistribution of in-
tensity is observed [see Figs. 2(a) and 2(b) right panels]. To
quantify this change, in Fig. 3, we turn to one-dimensional
cuts through the elastic data, with integration ranges indicated
by the white dashed boxes in Fig. 2. Figure 3(a) shows a one-
dimensional cut along Q = (H, 2, 0). The Bragg peak at Q =
(1, 2,0), associated with 7. = (0,2,0) and kg = (1,0, 0),
dramatically increases in spectral weight by a factor of ~4.7
between P =0 and 1.7 GPa. Meanwhile, peaks associated
with the propagation vectors ki and ki » lose intensity with
pressure. For instance, Fig. 3(b) shows the Q = (0.5, 2,0.5)
peak, associated with . = (0,2,0) and k. ; = (0.5, 0,0.5)
decreasing in spectral weight by a factor of ~0.1 compared
to under ambient pressure. Likewise, Fig. 3(c) shows the Q =
(1,1.5,0) [t =(0,2,0) and k>, = (1, —0.5,0)] and Q =

(2.5,1.5,0) [tc = (2,2,0) and k. ; = (0.5, —0.5, 0)] peaks
decrease to factors of ~0.3 and ~0.8 from their ambient
pressure spectral weight, respectively. We note that the Q =
(H, 2.5, 0) cut shows a similar reduction for the ky, , peaks but
a slight increase in the ki ; peaks. A careful diffraction study
would be required for the unambiguous determination of the
high-pressure magnetic structure. Our elastic neutron scatter-
ing data thus demonstrate that applying GPa-scale hydrostatic
pressure on MgCr,0O,4 leads to a spectral redistribution be-
tween the competing magnetic domains already present at
ambient pressure.

2. Inelastic scattering

The intensity redistribution between magnetic Bragg peaks
under pressure is visibly reflected in the spectral structure of
the magnetic excitations. Constant-energy slices through the
T = 4.5K data projected in the (H, K, L = 0) plane give a
first hint at that evolution (see Fig. 4). The magnetic excita-
tion spectrum of MgCr, 0Oy, in the ordered phase is dominated
by a concentration of spectral weight between E ~ 4.0 and
5.5 meV [12,19]. Cuts spanning that resonance-like band re-
veal a rounded structure factor under ambient pressure that
becomes more squared up at P = 1.7 GPa [Figs. 4(a)—4(c)],
while somewhat losing intensity at the lowest two energies.
As constant-energy slices reflect the spatial dependence of
the two-point spin correlations, we directly associate this
change with the evolution of the magnetic structure. Indeed,
a close inspection at the lowest energy [Fig. 4(a)], shows
spectral weight shifted towards Q = (1, 2, 0) and symmetri-
cally equivalent positions, for which underlying Bragg peaks
are enhanced under pressure. This behavior suggests that the
band of excitations between E =~ 4.0 and 5.5 meV originates
from overlapping spin-wave excitations associated with the
different coexisting Bragg peaks.

The effect of applied pressure is even more apparent in
the momentum-energy dependence of the inelastic scattering
along reciprocal lattice directions crossing magnetic Bragg
peak positions (Figs. 5-7). The response along Q = (H, 1, 0)
at P = 1.7 GPa [Fig. 5(b)] reveals acoustic spin wave modes
emerging from the Q = (2, 1, 0) Bragg peaks associated with
the ky magnetic propagation vector. These excitations are
weaker in the P = 0 GPa data [Fig. 5(a)]. Additionally, fo-
cusing on the energy response at Bragg peak position Q =
(2,1, 0) shows that the dominant excitation shifts in energy
by ~0.5 meV and splits into two distinct excitations at E ~
4.5 and =5.5 meV [Fig. 5(c)]. The energy FWHM of these
excitations of I' ~ 0.8(1) meV goes beyond the expected
spectrometer’s resolution of 0.34 meV, but the momentum
integration may be at the origin of this broadening. The
enhancement of acoustic spin waves under pressure is also
apparent, although less dramatic, along Q= (H,15,0) at
P = 1.7 GPa [Fig. 6(b)] compared to P = 0 GPa [Fig. 6(a)].
This is also accompanied by an ~0.5 meV energy shift of the
lower-energy excitation band for Q = (1.5, 1.5, 0) [Fig. 6(c)],
as well as the disappearance of higher energy excitations
observed around E =~ 8 meV for P = 0 GPa. These excita-
tions are presumably pushed to higher energies outside the
kinematic constraints of our E; = 12 meV data, although our
E; = 25 meV data are inconclusive. Overall, this shows that
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FIG. 4. Momentum-dependence of the inelastic neutron scattering intensity 7(Q, E) in the ordered phase at T=4.5 K projected
in the (H,K,L) plane after integrating over L =0 £ 0.4 rlu corresponding to the entire £7.5° out-of-plane detector coverage of
HYSPEC and (a) £ =340.5, (b) 440.5, and (c) 54 0.5 meV. Ambient pressure P = 0 GPa is on the left while P = 1.7 GPa is on

the right.

the intensity of the resonance-like spectral features in the
ordered phase of MgCr,0O4 are correlated with the magnetic
propagation vectors of the underlying magnetic ordering.
Furthermore, it evidences that a pressure of P = 1.7 GPa
stiffens excitations by at least 0.5 meV, corresponding to
SE =~ 0.25 meV per GPa (8E /Eqode & 10%), as judged by the
global upward shift of the spectrum. The response along Q =
(H,2,0.5) (Fig. 7) shows qualitatively similar behavior to
that along Q = (H, 0.5, 0). Dispersive spin wave excitations
are seen emerging from the Q = (1, 2, 0.5) Bragg peaks both
under ambient [Fig. 7(a)] and applied [Fig. 7(b)] pressure.
The disappearance of higher energy excitations is again seen
[Fig. 7(c)]. The qualitative similarities between Figs. 6 and 7
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FIG. 5. Momentum-energy dependence of the inelastic neutron
scattering intensity /(Q, E) in the ordered phase at T =4.5 K along
the Q = (H, 1, 0) direction with K =1+0.25 r.l.u and L =0+
0.25r.L.ufor (a) P = 0 and (b) 1.7 GPa. (c) Energy dependence of the
inelastic neutron scattering intensity integrated around Q = (2, 1, 0)
(integration ranges are indicated on the plot) as indicated by the
dashed white lines in (a) and (b). Data have been symmetrized
according to the m3m Laue group.

result from structural domains. It should be noted this is not
an artifact of symmetrization since the data have only been
symmetrized in the scattering plane.

IV. DISCUSSION AND CONCLUSION

Overall, the application of GPa-scale pressure on the mag-
netism of polycrystalline and single-crystaline samples of
MgCr,04 manifests in three interrelated but subtle effects:
the enhancement of the Néel ordering transition by around
~0.8 K per GPa, a large redistribution in the population of the
three nearly degenerate magnetic ordering wave vectors which
coexist in the ordered state, and an increase in the bandwidth
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FIG. 6. Momentum-energy dependence of the inelastic neutron
scattering intensity /(Q, E) at T =4.5 K along the Q = (H, 1.5, 0)
direction with K =1.540.25 rlu and L=040.25 rlu for
(a) P =0 and (b) 1.7 GPa. (c) Energy dependence of the inelastic
neutron scattering intensity integrated around Q = (1.5, 1.5, 0) (in-
tegration ranges are indicated on the plot) as indicated by the dashed
white lines in (a) and (b). Data have been symmetrized according to
the m3m Laue group.
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FIG. 7. Momentum-energy dependence of the inelastic neutron
scattering intensity /(Q, E) at T =4.5 K along the Q = (H, 2, 0.5)
direction with K =2+ 0.25rluand L = 0+ 0.25 r.L.u for (a) P =
0 GPa and (b) P = 1.7 GPa. (c) Energy dependence of the inelastic
neutron scattering intensity integrated around Q = (1, 2, 0.5) (inte-
gration ranges are indicated on the plot) as indicated by the dashed
white lines in (a) and (b). Data have been symmetrized according to
the m3m Laue group.

of the resonancelike excitations by around ~0.25 meV per
GPa. Below, we discuss possible mechanisms for these results
and the implications for our understanding of the MgCr,04’s
ordered state.

A. Exchange interactions and pressure

The interplay between the direct d — d and the oxygen-
mediated superexchange between Cr’* ions is expected to
be important in MgCr,04, in which the magnetic ions oc-
cupy a network of edge-sharing octahedral with 90° Cr-O-Cr
superexchange pathways. The half-filling of the #,, orbitals
makes the d,,, dy;, and d,; orbitals “active” in the superex-
change sense. Direct d — d exchange in the Cr’* spinels
favors antiferromagnetic coupling while the oxygen-mediated
exchange instead favors a weakly ferromagnetic coupling
since d orbitals on neighboring sites overlap with orthogonal
p orbitals [35]. The antiferromagnetic correlations present
in MgCr,0, are suggestive of dominant d — d overlap and
hence the application of pressure might be expected to sup-
press the magnetic order as the nearest-neighbor AFM bond
gains an enhancement from d — d exchange yet the longer
range further neighbor interactions do not.

However, the presence of strong magnetoelastic coupling
in the spinel oxides complicates matters further. Indeed in the
Cd, Hg, and Zn chromium spinels, the magnetostructural tran-
sition has been observed to increase in temperature [36]. This
increase in the ordering temperature may be understood in the
context of the bond phonon model. Expanding the exchange
interaction in small displacement, one finds that the linear re-
duction in magnetic exchange energy wins over the quadratic

energy cost of harmonic oscillation [17] destabilizing the sys-
tem towards a spin-Peierls state. The magnetoelastic energy
is E ~ —f2(dJ/dx)*/2k, where k is the spring constant and
f is a bond order parameter [17]. The enhancement of the
short range d —d exchange can therefore be expected to
give rise to an enhanced magnetoelastic coupling since the
direct exchange strength, to a first approximation, depends
exponentially on distance [37]. Controlling the ratio of d — d
tod — p — d exchange through hydrostatic pressure may thus
yield control of the magnetostructural coupling.

B. Magnetic ordering

The thermal hysteresis and the observation of two distinct
peaks in both the susceptibility and specific heat of MgCr, 04
may indicate that two distinct magnetic ordering wave-vectors
are associated with the Néel transition at 7y. This is in
agreement with the evidence presented in Ref. [19] which
strongly suggests that the magnetic ordering in MgCr,QOy is
multidomain rather than multi-k. Additionally, the emergence
of a peak in 9(x - T)/9T between T = 15.0 and 16.0 K may
correspond to the transition between the paramagnetic and
H-phase. A signature of this transition in susceptibility data
has yet to be reported; indeed, it is absent in our data collected
under ambient pressure. Given that elastic neutron scattering
results at P=1.7 GPa demonstrate that the population of the
ky = (1, 0, 0) magnetic domain increases by almost a factor
5 compared to ambient pressure, we interpret the appearance
of this peak in our thermomagnetic measurements as possible
evidence of the transition into the H phase.

A complete magnetic and structural description of the
low-temperature phase of MgCr,O4 has thus far evaded elu-
cidation, despite comprehensive magnetic structural studies
in Ref. [19] using neutron diffraction and spherical neu-
tron polarimetry. A unique magnetic structure solution was
found for the k; » domain, but two indistinguishable solutions
were found for ky, ;. It is, therefore, impossible to determine
whether the two low-temperature structures are strictly de-
generate or lie close in energy. One possible explanation for
the presence of coexisting ordering wave vectors is the exis-
tence of stacking faults [38] or antiphase domain boundaries
[39-41] pinned by structural boundaries or defects. It is in-
teresting to consider whether a detwinned crystal would show
a similar phase coexistence. Moreover, a magnetic structural
refinement of such a crystal would allow a unique determina-
tion of the k; ; due to anisotropy inherent to one of the two
proposed models [19].

C. Magnetic fluctuations

Previous studies have suggested that the excitations in the
Cr’* spinels are consistent with decoupled local spin clus-
ters, with resonances associated with hexamers and tetramers
[11,12,19], while other studies [20], including by some of
us [15], strongly favor an interpretation in terms of compet-
ing further neighbor exchange interactions for a Heisenberg
model. The argument for the hexagonal spin-loop cluster as
the relevant low-energy degree of freedom stemmed both
from the nature of the observed magnetic fluctuations and
the principle that the ground state of the nearest-neighbor
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FIG. 8. Momentum-dependence of the inelastic neutron scat-
tering intensity /(Q, £) measured with E; =25 meV in the
paramagnetic phase at T =20 K projected in the (H, K, L) plane
after integrating over L = 0 0.5 r.L.u and £ = 4 4 2 meV to mini-
mize background signal. Comparison with calculation for hexagonal
clusters.

pyrochlore lattice Heisenberg antiferromagnet satisfies the
zero-divergence condition Y, Y+ |'S,; =0, where ¢ runs
over the lattice tetrahedrals. Since each side of a hexagon links
two spins on a tetrahedron, for a collinear antiferromagnetic
arrangement of spins on the hexagon, there is a local zero
energy mode—the staggered magnetization of the loop can
be rotated at no energy cost since their neighbor exactly can-
cels their contribution to the total spin on each tetrahedron.
These zero energy modes are not unique to the clusters but
can take the form of longer-length strings of collinear spins
[17]. Tt seems a priori reasonable that the strings of the
shortest length, the hexagonal cluster, might be preferred in
the presence of finite string tension. The presence of finite
string tension is suggested in the low-temperature phase by
the lifting of the zero mode to finite energy but is also present
above Ty due to further-neighbor exchange interactions [15].

In essence, the dynamical spin structure factor of putative
localized clusters exhibits a decoupling between energy and
momentum dependence, S(Q,E) =), S.(Q)g(E), where
g(E)=),8(E —E,) and E, are the resonance frequencies
of the clusters. The momentum dependence merely stems
from the form factor associated with the spatial extent of a
given spin cluster, S,(Q) = |F,(Q)|?, which has a well-known
closed form for the various cluster shapes [11,12,14,15]. This
functional form reproduces the energy-integrated structure
factor S(Q) = f dES(Q, E), however, the presence of dis-
persive excitations (Figs. 5, and 6 8, as well as Ref. [19])
suggests wavelike excitations in MgCr,0O4 extending over a
length scale greater than that of a single cluster. Further, in
Ref. [15] it was demonstrated that the dynamics above the
magnetic ordering transition could be understood as coherent
spin precessions (i.e., linear spin wave modes) riding a disor-
dered background.

The apparent similarity between S(Q) for a Heisenberg
paramagnet and the cluster model stems from the similarity
between the structure factor of the hexagonal spin cluster

model  Suuser(Q) = 3 37 (So - Si)cos(Q - r;)  compared
to a Heisenberg paramagnet [15] Suypm(Q) = % > j(Si .
S;)cos(Q - r;;). Summing the cluster structure factor over all
hexagonal tilings of the pyrochlore lattice captures all bonds
up to the third nearest neighbor such that their Fourier weights
are identical to those of the Heisenberg paramagnet. It is thus
unsurprising that self-consistent Gaussian approximation
(SCGA) calculations for a Heisenberg Hamiltonian with
further neighbor exchanges strongly agree with the cluster
calculation [15] (see Fig. 8 for a demonstration of that effect).
Similarly, for the average over tetragonal clusters, the Fourier
functions have the same functional form as a Heisenberg
paramagnet.

In this context, our experiments under pressure shine an
essential light on the nature of the excitations in the ordered
phase of MgCr,04. The dispersive nature of the low energy
excitations, including the apparent resonance E =~ 4.5 meV,
is more clearly visible under pressure (see Figs. 5 and 6).
This shows that the neutron scattering intensity previously
described as a spin cluster resonance undoubtedly results from
overlapping spin wave branches poorly separated in momen-
tum and energy. These originate from the enlargement of the
magnetic unit cell compared to the chemical unit cell and the
coexistence of magnetic domains. These modes are difficult
to resolve at ambient pressure, however by subtly modifying
the competing energy scales in the system, we have reduced
the occupation of the «; , = (0.5, 0, 1) magnetic domain al-
lowing for the two spin wave branches to be resolved [see
Fig. 5(c)].

D. Conclusion

We have presented thermomagnetometic and neutron scat-
tering measurements on polycrystalline and single-crystalline
samples of MgCr,04 in applied, pseudo-hydrostatic, GPa-
scale pressures. Our magnetometry measurements at ambient
conditions are consistent with previous measurements of sto-
ichiometric MgCr,04 however we are able to resolve two
peaks at the magnetostructural transition in our field-cooled
data, adding further weight to the argument that the low-
temperature phase of this material is multidomain rather than
multi-k. An increase in Ty under pressure is suggestive of
an increased direct exchange and a subtle modification of the
competing energy scales in the system. Our neutron measure-
ments under ambient conditions replicate those of previous
studies [15,19] however, under pressure of P=1.7 GPa we see
a decrease in the population of one of the magnetic domains
of the L-phase k; , and a gain in population of the H-phase
ky. The shift in the energy of magnetic excitations and the
redistribution of spectral weight to spin waves emanating from
different Bragg peaks allows for the overlapping spin wave
branches at E & 4.5 meV to be resolved, unambiguously re-
vealing coherent spin wave excitations rather than localized
cluster modes.
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APPENDIX: HYDROSTATICITY AND PEAK
WIDTH IN a(x - T)/9T

In this Appendix, we explore how the width of the peak
in d[x-T1/0T |y, extracted from our magnetometry measure-
ments, correlates with experimental conditions and may be
used to test the hydrostatic pressure conditions experienced by
the sample. Assuming that each external pressure maps onto
a single and well-defined magnetic transition temperature, it
appears possible in principle to correlate the width of the peak
in d[x-T]/0T |y to pressure gradients and heterogeneities.
For instance, under hydrostatic pressure conditions, the bulk
of the sample should display a single transition temperature
with a narrow peak in d[x -T]/dT |y. Conversely, the lack of
hydrostaticity should translate into a distribution of transition
temperatures and a subsequently wider peak.

A major challenge to this approach, however, is that the
limiting width of the peak in d[x-7]/dT |y may depend on
sample quality, thermalization, and other extrinsic effects.
Indeed, the peak we observe in our samples (see Fig. 1)
is much broader than that of the reference stoichiometric
sample [13]. We conducted several tests of sample quality
and thermalization to understand if these effects play a role.
First, we measured our sample outside the pressure cell in a
VSM sample holder, using the same measurement sequence
employed in previous measurements. The peak derivative
appears much narrower [see Fig. 9(a)] than in the pressure
cell [see Fig. 1] and in agreement with the literature report
[13]. Next, Pb powder was added to the same VSM capsule
[Fig. not shown] with no visible change. Third, the Daphne
7373 oil, used in our experiments as PTM, was added to the
capsule containing the sample and Pb, until both powders
were saturated with oil. This lead to a considerable broadening
of the peak in d[x -T]/9T |y [see Fig. 9(b)]. Finally, a sample
of MgCr,04 from the same batch was measured inside the
pressure cell but without Pb and Daphne 7373 oil. In that
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FIG. 9. (a) d[x-T1/0T |y at uoH = 0.5 T for a control sample
consisting of MgCr, O, in a standard VSM capsule and brass sample
holder. (b) The same sample was combined with daphne oil in a
standard VSM capsule and (c) the same sample was loaded into the
pressure cell with no daphne oil.

case, we recovered a sharp peak with only minor broadening
[see Fig. 9(c)].

Having identified the presence of Daphne 7373 oil as
the dominant source of the broadening, we investigated if
thermalization of the powder sample within the oil was a
concern. To do so, we repeated measurements with a capsule
containing the MgCr,0O4 powder, Pb, and Daphne 7373 oil,
but we increased the thermalization period between each data
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FIG. 10. 9(x - T)/dT at uoH = 0.5 T for the control sample
combined with daphne oil and Pb measured after waiting 20 minutes
for sample thermalization between the acquisition of each data point.

point in the sequence from a few seconds to 20 minutes.
This did not yield any changes (see Fig. 10) compared to the
typical measurement sequence. We conclude that the broad-
ening of the d[x-T]/0T |y peak in our data is a systematic
effect of the Daphne 7373 oil, possibly related to the freezing
transition of the oil at 7 ~ 200 K [42] imprinting an inhomo-
geneous stress field on the sample.

Overall, the baseline broadening due to the PTM may en-
hance a subtle shoulder in the FC measurements that is already
present in the data without the Daphne 7373 oil. However,
due to this inherent broadening, we consider the results of
Fig. 9(b) as the baseline peak width to which we compare
those for compressions Af > 0 when analyzing the hydro-
staticity of our applied pressure. Since no significant peak
broadening occurs from this initial reference, we have deemed
our measurements sufficiently hydrostatic for the purposes of
this report.
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